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ABSTRACT 
Graphene possesses many superior properties, such as ultrahigh mechanical stiffness 
and strength, exceptional thermal and electrical conductivities as well as excellent 
optical properties. In many of the envisioned applications, graphene or its derivatives 
are incorporated into the polymer matrix to form graphene based nanocomposite 
systems in which the polymer matrices can work synergically with graphene fillers as 
functional components providing supports and protections to the embedded graphene. 
Two types of additive manufacturing (AM) techniques have been developed for the 
graphene reinforced polymer nanocomposites. One is the layer-by-layer (LbL) 
assembly technique which is a versatile process and capable of manipulating material 
composition and architectures at the nanoscale. The other AM technique is 
conventionally known as the extrusion-based 3D printing.  
 
This research focuses on the computational method and numerical modelling of 
material properties and mechanical behaviours of graphene-based polymeric 
nanocomposites. A hierarchical multiscale analysis approach is adopted and tailored 
specifically for the graphene-based polymeric nanocomposites fabricated using the 
AM techniques. Some of the important material characteristics at nano- and 
meso-scales such as molecular interactions and microstructure morphologies are 
simulated and discussed in details. The nonlinear mechanical behaviours e.g., bending, 
post-buckling and vibration of functionally graded graphene reinforced 
nanocomposite (FG-GRC) beams fabricated by LbL technique are subsequently 
carried out. Numerical analysis with various macroscaled parameters such as 
functionally graded patterns, temperature rises as well as foundation stiffnesses are 
presented and discussed. This study is crucial for engineering applications to evaluate 
mechanical behaviours of such nanocomposite materials with optimal arrangements 
and manufactured by using these two above-mentioned methods. 
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CHAPTER 1 INTRODUCTION 
1.1 Research background 
As two of the most common carbon allotropes, graphite and diamond share the same 
chemical element, but have distinct appearances and physical properties. Graphite is 
opaque, soft and a good conductor of electricity, while diamond is usually 
transparent, hard and an electrical insulator. Under high temperature and atmospheric 
pressure, diamond can be turned into graphite which indicates graphite has better 
thermal stability than diamond. It is now become clear that the diverse physical 
properties exhibited from the these two materials can be attributed to their different 
molecular structures and hybridisations formed between carbon atoms, where 
diamond has a three dimensional tetrahedral sp
3
 lattice arrangement while graphite is 
weakly bonded sheets of two dimensional sp
2
 hexagonal atomic lattice. Researches 
on carbon allotropes at the nanoscales have also led to the discovery of new carbon 
materials such as zero dimensional buckminsterfullerene, and one dimensional 
carbon nanotubes (CNTs) (Iijima, 1991). Compared with their three dimensional 
counterparts of graphite and diamond, the fullerenes and carbon nanotubes possess 
many unique properties due to their ball shaped and tube like molecular structures, 
respectively. Although the layered, planar structure of graphite has long been 
theoretically predicted, traditional wisdom thought that its one-atom thin building 
block - graphene would be unstable and could roll into other curved structures or 
decompose if freestanding in the ambient environment. It was not until in 2004, 
graphene was for the first time experimentally exfoliated and identified using the 
micromechanical cleavage method from graphite (Novoselov et al., 2004). The 
exfoliated one layer of carbon sheet - graphene was able to maintain its stable two 
dimensional freestanding sheet form even at room temperatures, which makes 
graphene the thinnest material ever known to scientists and engineers. 
 
The discovery of graphene sparked a “graphene rush” in this new material as 
researches show that it possesses many unusual properties, such as ultrahigh 
mechanical stiffness and strength, exceptional thermal and electrical conductivities 
2 
 
as well as excellent optical properties. Due to its supreme properties, graphene and 
its derivatives are highly attractive for the development of next generation electronics 
devices such as nano-electro-mechanical-systems (NEMS) and high frequency 
transistors (Novoselov et al., 2012). Meanwhile, in many of the envisioned 
applications, graphene or its derivatives are incorporated into the polymer matrix to 
form graphene based nanocomposite systems in which the polymer matrices can 
work synergically with graphene fillers as functional components and at the same 
time provide supports and protections to the embedded graphene. There are ample 
evidences that the resulting polymer nanocomposites show exotic mechanical, 
thermal, optical and electrical properties (Das & Prusty, 2013). Depending on the 
field of applications, the graphene based polymer nanocomposites can be used for 
functional purposes, for example, energy storage, flexible electronics, transparent 
protective films, optical or strain sensors. They can also be used to form bulk 
structural components with excellent multifunctional properties such as high strength 
and stiffness, ductility, thermal stability and flame retardancy, anti-static functions 
etc. However, unlike the micron sized fillers such as carbon fibres, the strong 
intermolecular actions between graphene and polymer molecules as well as the high 
aspect ratios of graphene lead to many new phenomena such as nanofiller 
agglomeration, nanofiller bending, buckling and folding. In order to fully exploit the 
exceptional physical properties of graphene, the graphene nanofiller should be 
dispersed in the polymer matrix to attain a certain degree of exfoliation, a highly 
ordered fibre alignment may also be preferred for the purpose of attaining better 
properties in certain direction in the composites (Du & Cheng, 2012). In addition, as 
graphene possess significantly higher surface area but much smaller transverse 
thickness, the interface volume between graphene and polymer matrix is comparable 
to the volume of the graphene nanofiller. As a result, for the same filler volume 
fraction, the surface interactions between the filler and the surrounding matrix are 
several orders higher than its microns sized filler counterparts. Therefore the quality 
of the interactions between nanofiller and the surrounding polymer molecules 
substantially influences the physical properties of the nanocomposites (Liu et al., 
2016). 
 
It is well recognised that the performances of structural components depend on their 
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material properties, in turn are determined by the material constituents and 
microstructures. The microstructure morphologies are controlled by the process 
conditions. The injection moulding or the resin transfer moulding (RTM) techniques 
have been previously used for fabricating micron fibre reinforced polymer composite 
structures with high fibre contents (Anwer & Naguib, 2016). However, such 
moulding techniques have some limitations when applied to the graphene reinforced 
nanocomposites. Due to the complex moulding shapes, the molten material subjects 
to different shear rates, stresses and cooling rates within one part when moulded. As 
a result, the uniformly distribution of nanofibres may not be guaranteed, and also the 
orientation of nanofibres may be randomly distributed and cannot be easily 
controlled (Wu & Drzal, 2013). In addition, as many of the envisioned applications 
for graphene nanocomposites have the physical sizes ranging from hundreds of 
nanometers to several millimetres, it poses great challenges for conventional 
injection moulding machine to perform under such small scale. 
 
Over the past several years, additive manufacturing (AM) technique is developing 
fast and has become the industry new norm. The concept of AM can also be applied 
to fabricate structures made of polymer nanocomposites. Compared with traditional 
moulding techniques, the AM has several merits such as the abilities of fast 
prototyping, relative low cost at a small production volume and the abilities of 
achieving ordered nanofiller orientations. Two types of AM techniques have been 
developed for graphene reinforced nanocomposites. One is the layer-by-layer (LbL) 
assembly technique which is a versatile process and capable of manipulating material 
composition and architectures at nanoscale. By alternatively stacking graphene 
derivate sheets and polymer macromolecules, highly ordered lamellar thin films with 
the thicknesses from lower than one hundred nanometers to several hundreds of 
microns can be made (Yang, Hou, & Kotov, 2012). The other AM technique is 
conventionally known as the 3D printing. Common 3D printing systems have layer 
resolution between 15 to 150 microns, meanwhile as technology develops, the 
resolution can be even higher. Again, as in most printing systems the injection head 
moves only in one direction, the material properties between each layers of the 
deposition can be similar to each other and form lamellar orders, while the 
interlamellar properties are varied and depend on the process conditions (Zhuang et 
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al., 2017). 
 
Shen et al. recently introduced the concept of the functionally graded material (FGM) 
concept to the CNT and graphene reinforced nanocomposites with the foresight that 
such material can further transform the overall performances of many devices (Shen 
& Xiang, 2012, 2014a, 2014b, 2015a, 2015b, 2016). By designing an optimised 
compositional gradient profile of the material cross section, the resulting 
nanocomposites could offer characteristics like light weight, high strength and 
toughness, thermal shock resistance and stability, controllable electrical insulating or 
conducting. The smooth transition of material composition along structural cross 
section can effectively alleviate the interlaminar stresses that usually exist in the 
traditional laminated composites. Furthermore, from the manufacture point of view, 
the aforementioned additive manufacture techniques may be readily implemented to 
make structural components with various gradient profiles. From the cost effective 
point of view, the graphene filler fractions in the nanocomposites are usually much 
lower than that in the micron filler composites counterparts, for instance, 60% 
volume fraction of carbon fibre in the micron filler composites compared with less 
than 20% volume fraction in the nanocomposites. Introducing FGM concept to the 
nanocomposites can therefore better utilize the effect of graphene reinforcement. 
 
Modern day engineering applications require multiple functionalities as well as high 
reliability in harsh environments. For most of the times, the function losses of such 
devices are attributed to the structural failure induced by excessive thermal 
mechanical loading imposed onto the relevant structural components. Therefore, the 
structural integrity of such devices is of primary concern and should be addressed 
during the design stage. As a novel concept of composites being brought up recently, 
the current research on the functionally graded graphene-reinforced composites 
(FG-GRCs) is scarce. The lack of knowledge on the mechanical behaviours of such 
nanocomposites hinders its development and application. Therefore, fundamental 
research work is needed to address some critical but unresolved issues encountered in 
the FG-GRC mechanics.  
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1.2 Research objective and significance 
For the nanocomposites manufactured by LbL technique, graphene platelets with large 
planar sizes can spread on the substrate or embed in the matrix with nanoscale 
exfoliation and graphene flatness. As a result, highly ordered laminated morphology 
can be archived. As graphene intimately contact with the surrounding matrix, the 
atomic level interactions between graphene and matrix molecules are the dominated 
factors for the excellent material properties exhibited in various experiments on GRCs. 
On the other hand, for the nanocomposites produced by the extrusion based 3D 
printing, lower graphene contents are often preferred due to the rheology consideration. 
Due to the small thickness and high flexibility of graphene, the nanofillers tend to be 
kinking, bending and re-aggregation. The dispersion, orientation and the reinforcing 
efficiency of nanofillers to a large extent depend on the processing method. The 
microstructure morphologies of the material are therefore of great importance. 
Furthermore, the functionally graded patterns, as a special characteristic of material 
microstructure properties, needs to be taken into account when performing the 
nonlinear structural analysis on the FG-GRC structural members. The aforementioned 
molecular interactions, microstructure morphologies are some of the important 
material characteristics at nano and meso scales. Therefore, a comprehensive 
multiscale approach is needed in order to evaluate the macroscale mechanical 
behaviours. A successful multiscale computational approach should be able to account 
for the influences of the above material characteristics and overcome the 
spatial/temporal differences between the simulation domains.  
 
The current study has two objectives and outcomes. One objective lies in the tailoring 
of an effective hierarchical multiscale computational method for the mechanics 
analysis of FG-GRC manufactured by AM techniques. The hierarchical multiscale 
assessment tools developed can take the advantage of multiscale modelling method 
across atomistic, meso and macro scales, therefore are more accurate than the single 
scaled evaluation method. The other objective is to apply the proposed multiscale 
simulation method to study the material mechanical properties of the graphene/PMMA 
nanocomposites manufactured under different processing conditions, as well as to 
study the mechanical behaviours of typical FG-GRC structures, e.g., vibration, 
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bending and buckling of FG-GRC beams made via LbL assembly. This study may be 
crucial for evaluating mechanical behaviours under harsh working conditions for 
engineering applications with such material arrangements and manufacturing method. 
1.3 Layout of thesis 
The layout of this thesis is described as follows. Chapter 2 reviews the characteristics 
of polymer nanocomposite from molecular perspective, the application of graphene 
nanocomposites, and their manufacturing method. Current computation and 
simulation works at different scales are then reviewed. Chapter 3 details the 
multiscale simulation method used in this study. Chapter 4 presents the MD 
simulation of monolayer graphene embedded in the matrix under compressive strain. 
In Chapter 5, MD simulations are extended to graphene/PMMA nanocomposites 
assembled using LbL under micro bulging. Chapter 6 presents the nonlinear bending, 
vibration, buckling and postbuckling of FG-GRC beams assembled via LbL. Chapter 
7 is devoted to the mesoscale simulations of morphological and mechanical 
properties of 3D printed graphene/PMMA nanocomposites. Chapter 8 summarises 
the present investigation, some recommendations for future work are presented.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Polymer nanocomposites from nanomechanics perspective 
2.1.1 Molecular structures and thermal mechanical properties of polymer 
Synthetic polymer is one of the most important materials in the modern world. The 
term polymer, which also means “many mers” illustrates that the structural nature of 
polymers is the macromolecules composed of repeated chemical unit called monomers. 
For hydrocarbon polymers, the polymer chain shape is influenced by the positioning 
of the backbone carbon atoms which leads to bending and twisting as well as 
entanglements along the long chain. Depends on the synthetic methods, the side atom 
or group of atoms on the main chain may have different stereoisomerisms of isotactic, 
syndiotactic or atactic configurations. The molecular structures of the polymer chains 
can have the forms of linear, branched, cross-linked and network and the polymer 
chain can be packed into ordered crystalline domains. Depends on the degree of 
crystallinity, the polymer may range from completely amorphous to very high order of 
crystalline (Halary, 2011).  
 
The thermal properties of polymers are intricately related to the molecular structure of 
the material. Most linear and some branched polymers with flexible chains are 
thermoplastics. Some of the thermoplastics such as polyethylene (PE), polypropylene 
(PP) and polyamide 66 (PA 66) are semicrystalline polymers, and with certain melting 
points. Other thermoplastics, such as Polystyrene (PS), Polymethyl methacrylate 
(PMMA), Polycarbonate (PC) and Acrylonitrile butadiene styrene (ABS) are 
amorphous polymers and have the glass transition temperatures. For thermoplastics, 
on the molecular level the molecular motion increases as the temperature rises which 
also diminishes the secondary noncovalent bonding forces. Therefore, they can be 
melted, moulded, recycled. In contrast, most of the cross-linked and networked 
polymers are thermoset polymers, for example, epoxies and phenolic. They contain 
rigid and heavily cross-linked segments which anchor the chains together. As a result, 
the thermoset polymers do not soften when heated and have no melting points until 
degradation, therefore have better dimensional stability (Callister, 2014).  
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Because of the differences in the molecular structures, polymers can exhibit distinct 
behaviours under mechanical loadings. For thermosets, as the polymer chains are 
heavily crossed-linked, the covalence bonding network formed between adjacent 
polymer chains are the primary load bearing mechanism, thus the thermosets can have 
fair mechanical strength and stiffness however at the same time are brittle and pose 
difficulty in processing. For thermoplastics, the secondary intermolecular bonding is 
the main source of mechanical interaction and stress developing. Onset of loading the 
polymer chains of the amorphous polymers or the amorphous region in the 
semicrystalline polymer begin elongating in the direction of the applied stress, as the 
loading further increases, the amorphous chains continue elongating and the polymer 
chains begin separating from the crystalline region and align along the loading 
direction. The secondary bonding is much weaker than the covalent bonding, therefore 
the semicrystalline polymers are more ductile but have lower strength and stiffness 
(Fried, 2014). Specifically, the amorphous thermoplastics represent a category of 
polymers that have modest mechanical and rheology properties and can be easily 
handled and processed using various existing additive manufacture techniques, 
therefore received much attention recently. 
2.1.2 Choice of reinforcing agents 
Compared with structural materials such as metals or ceramics, polymers are 
considered to be modest in the stiffness, durability, impact strength, surface scratch 
resistance and thermal stabilities, which hinder their engineering applications in 
certain areas. The thermal and mechanical properties of the polymer material can be 
improved to some extent by modifying the molecular structures of polymer chains, 
however the improvements are marginal (Berrahou et al., 2016; Shinoda et al., 2003). 
In order to achieve better mechanical improvement, stiffer reinforcing agents are 
introduced into the relatively compliant polymer matrix in the polymer composites, for 
example micron sized fibres such as carbon, boron, silicon carbide, glass or cellulose 
fibres (Kalia, Kaith, & Kaur, 2009; Kessler, 2012), and micron sized particles such as 
metal particles, organic polymer particles or inorganic mineral particles (Enikolopyan 
et al., 1990). The mechanical properties of the micro-sized filler reinforced polymer 
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composites can be largely improved in terms of high strength to weight and stiffness to 
weight ratios and have found numerous applications in various industries (Hofstatter 
et al., 2017). Nevertheless, conventional micron sized filler reinforced composites 
have some shortcomings such as high filler content, low surface contact area and weak 
interfacial bonding, interlaminar shear stresses due to mismatching of laminate 
properties etc. (Kausch, Beguelin, & Fischer, 2000). In addition, the miniaturisation of 
devices such as flexible thin films or micro-electro-mechanical-systems (MEMS) 
cannot be fabricated using polymer composites reinforced with micron scaled fillers 
due to its intrinsic size limits. 
 
With the fast development of material fabrication techniques, nanocomposites have 
emerged as a novel class of high performance materials. Nanocomposites contain 
fillers with the size of nanometers in one or more dimensions. Compared with 
composites reinforced with high content micron sized fillers, the content of nanofiller 
in the nanocomposites can be significantly lower, at the same time the surface area 
between the filler and matrix can be very high provided that adequate dispersion of 
nanofillers in the polymer matrix can be realised (Njuguna, 2013). From the 
nanomechanics and microstructure points of view, adding nanofillers into polymer 
matrix can effectively increase local stress concentrations around nanofillers and 
prevent the polymer crazing regions from developing into cracks, thus improve the 
overall mechanical properties of nanocomposites over pure matrix materials (Mittal, 
2013). On the other hand, incorporating certain nanofillers into polymer matrix can 
bring about additional functionalities such as improved thermal conductivity and 
flame retardancy, electrical conductivity and antistatic functions as well as gas barrier 
and anticorrosion properties, which are favourable in various industry applications 
(Njuguna, 2013). 
 
There are a myriad number of organic and inorganic nanofillers that can be used for 
polymer nanocomposites. Among many, inorganic nanofillers were frequently 
reported in the literatures for structural reinforcement and functional enhancement. 
Examples of nanoparticles include Fe2O3 (Nabiyouni & Ghanbari, 2012),  Al2O3 
(Johnsen et al., 2013; Pinto et al., 2015), ZnO (Ilangovan, Sakvai, & Kottur, 2017; 
Senatova et al., 2017), TiO2 (Choi et al., 2017; Maira et al., 2017), ZrO2 (Valcu et al., 
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2014; Wang, Wu, & Li, 2010), SiO2 (Macan et al., 2017; Zheng et al., 2010), POSS 
(Huang et al., 2003; Zhang et al., 2011). One dimensional nanorods and nanowires 
such as silver (Fallahi et al., 2017; Sureshkumar et al., 2015; Zeraati, Arjmand, & 
Sundararaj, 2017), copper (Xu et al., 2013a; Xu et al., 2014), nickel (Lin, Zhou, & Guo, 
2011; Lonjon et al., 2012) and aluminum oxide nanofibres (Yunus et al., 2016) are also 
used. Common two dimensional nanoplatelets include montmorillonite (MMT) (Sun 
et al., 2015; Wang et al., 2016b), layered double hydroxides (LDHs) (Li et al., 2016c), 
hexagonal boron nitride (h-BN) (Wang et al., 2017a) and molybdenum disulphide 
(MoS2) (Wang et al., 2017d; Zhou et al., 2015a). Recently, various carbon based 
nanostructures have been discovered and incorporated into the polymer matrix. It is 
found that the overall physical properties of polymer matrix can be greatly altered due 
to the superior mechanical, thermal, electrical properties as well as chemical 
inertness and biocompatibility of the carbon nanofillers. Examples of carbon based 
nanostructures include carbon black, fullerenes, carbon naonfibres, carbon nanotubes 
(CNTs) and graphene and its derivatives.  
2.1.3 Graphene and graphene derivatives as promising fillers 
Due to its densely packed sp
2
 hexagonal carbon lattice, pristine graphene is about 
200 times stronger than the strongest steel. With only one atom thin it has virtually 
little thickness, yet it is very flexible and completely impermeable to any gases. The 
thermal conductivity of graphene was measured to be between (4.84 ± 0.44) × 10
3
 
and (5.30 ± 0.48) × 10
3
 W·m
−1
·K
−1
, which is higher than those of other carbon 
materials such as carbon nanotubes, graphite or diamond. Experimental results from 
transport measurements show that graphene has a remarkably high electron mobility 
at room temperature, with reported values in excess of 15,000 cm
2
·V
−1
·s
−1
 (Geim & 
Novoselov, 2007) and a corresponding resistivity of 10
−6 Ω·cm, which is the lowest 
resistivity known at room temperature, less than the resistivity of silver, and ten 
times less than that of the commercial silicon chips. It is almost transparent and 
absorbs approximately 2.6% of green light (Zhu, Yuan, & Janssen, 2014) and 2.3% 
of red light (Nair et al., 2008).  
 
Depending on the applications and qualities required as well as the costs, 
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manufacturing of graphene ranges from the “scotch tape” method to the much more 
complicated chemical vapour deposition (CVD) roll-to-roll productions as shown in 
Figure 2.1.1 (Novoselov et al., 2012). The manufacturing method can be generally 
categorised into two main groups, the exfoliation and epitaxy. The exfoliation method 
stands for a mechanical cleavage of the graphene layers from the graphite. The 
renowned “scotch tape” method to split the graphene is one of its kind. The 
wedge-based mechanical exfoliation is a similar approach to separate graphene from 
graphite sources (Jayasena & Subbiah, 2011). The solvent-aided sonication or 
centrifugation of graphite can also produce small amount of graphene. It is also 
possible to produce high quality of few layer graphene sheet using the kitchen blender 
(Yi & Shen, 2014). The produced few layer graphene flakes were about 1.5 nm thick in 
average, highly conductive and free of basal-plane defects and oxidation. Li et al. 
(2009) demonstrated a CVD method that grew graphene on the copper substrates, and 
opens the possibility of large-scale production of high quality graphene films. Bae et al. 
(2012) further developed a roll-to-roll production and wet-chemical doping technique. 
Using this method, the 30 inch film with predominantly monolayer graphene was 
produced. A doped four-layer graphene film was also fabricated by repeating the 
process and stacking the graphene sheet layer by layer. The electrical resistance of the 
four layer sheet was as low as 30 Ω /sq (ohms per square) at 90% transparency, which 
is superior to commercial transparent electrodes such as indium tin oxides (ITO). The 
most recent study by Liu and his colleagues indicated that by extending the graphene 
growth time and sublimation of the copper substrate surface, large area monolayer 
graphene with high quality free of bilayer region can be produced (Liu et al., 2014). 
12 
 
 
Figure 2.1.1 Production methods of graphene (Novoselov et al., 2012) 
 
Another characteristic of graphene is that it can be chemically modified and new 
chemical groups can be introduced onto the surface of graphene. The 
functionalisation process to some extent alters the physical properties of graphene 
and lead to tailorable physical properties of the graphene derivatives, which may 
enable a wide variety of composite systems. 
 
Graphene oxide (GO) is one of the graphene derivatives and possesses high coverage 
of epoxy and hydroxyl groups on the basal carbon surface as well as carbonxyl 
groups on the edges of the graphene and can be seen as a special case of graphene 
functionalisation. Due to the presence of the surface functional groups, GO is 
hydrophilic and can be dissolved in polar solvents, for example alcohols as well as 
water. GO is also negatively charged which means it has better wettability when 
incorporated onto positively charged substrates or polyelectrolyte matrices. As a 
result, in the context of polymer nanocomposites, the processibility of GO is easier 
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than its pristine graphene counterpart, which is hydrophobic and chemical inert 
(Compton & Nguyen, 2010).  
 
However, functionalisation is a double-edged sword application. On one hand, 
introducing extra functional groups onto the surface of the graphene molecules 
improve its dispersion in the solvent. The interactions between graphene and the 
surrounding polymer molecules can also be improved to some extent depending on the 
processing conditions. On the other hand, functionalisation disrupts the tightly packed 
carbon sp
2
 hybridizations which usually exist in the pristine graphene; as a result, the 
mechanical, thermal and electrical properties are degraded. Take GO for example, the 
elastic rigidity of a typical GO is about half of graphene, while the strength of GO is 
about one order of magnitude lower than that of graphene (Suk et al., 2010). 
Considering the thickness of GO is 0.67 nm and higher than graphene (Pandey, 
Reifenberger, & Piner, 2008), the Young’s modulus of GO could be several times 
lower than that of the graphene (Liu et al., 2012a). In addition, GO monolayers behave 
close to insulating (Gomez-Navarro et al., 2007). The thermal conductivity and 
thermal stability are also inferior compared with untreated graphene (Tian et al., 2011). 
Nevertheless, the GO surface can also be restored to sp
2
 carbon conjugation using 
chemical, thermal or photochemical reduction means (Bai, Li, & Shi, 2011; Li & 
Bubeck, 2013; Park & Ruoff, 2009). The reduced graphene oxides or rGOs, although 
have defects or unreduced functional groups, still possess excellent properties which 
are promising for various applications (Gomez-Navarro et al., 2007; Pei & Cheng, 
2012). 
2.1.4 Interfacial interactions between nanofiller and polymer matrices 
For microscaled fibre reinforced composites, the interface between fibre and matrix 
has long been an interesting research topic (Pukanszky, 2005). The interfacial shear 
stress (IFSS) can be attributed to the interactions between the surfaces of the 
microscaled filler and the matrix, which mainly fall into two categories, the physical 
and chemical interactions. The physical interactions are dependent on the fibre surface 
roughness and morphologies. For example, in order to increase physical frictions 
between the fibre and the matrix, the surface of the fibres can be treated to increase its 
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roughness such as micro-convexities or asperities (Song et al., 2011). To enhance 
chemical interactions between the fibre and the matrix, it often involves in the fibre 
surface treatments to introduce various chemical substances or functional groups. The 
functional groups have much smaller sizes than their fibre host and interact with 
matrix molecules through chemical interactions either covalently or noncovalently. 
For example, several literatures have reported the hybrid composites which carbon 
nanotubes were coated onto the microfibre surface to attain improved interfacial load 
transferring (LaBarre et al., 2015; Li et al., 2016a; Qian et al., 2010). Unlike the 
micron sized fibre reinforced composites in which the size of interfacial regions is 
much smaller than the fibre itself, in the nanocomposites, the interfacial regions 
between the nanofillers and the matrix have comparable size of the nanofillers. The 
differences between physical and chemical interactions thus become less 
distinguishable and the filler matrix interactions are the statistical summation of 
primary and secondary bond interactions between individual atoms, e.g., covalent, 
electrostatic as well as van der Waals forces. It was found that the interfacial shear 
stresses for CNT/epoxy and CNT/PS are an order of magnitude higher than micro fibre 
reinforced composites, and the local non-uniformity of CNT and mismatch of the 
coefficients of thermal expansions between CNT and polymer matrix also promote the 
stress transfer between filler and matrix (Wong et al., 2003). On the other hand, it is 
suggested that the functionalised CNTs can promote adhesion and mechanical 
stiffening of the interfacial region thus provide even better load transferring than that 
of the pristine CNTs and the matrix (Eitan et al., 2006; Ma et al., 2010). 
 
Compared with the CNTs, the atomically thin graphene exhibits different phenomenon 
when interacting with substrate or surrounding matrix molecules. Using friction force 
microscopy, the nanoscale frictional characteristics of graphene on both weakly 
adherent substrates e.g., silicon oxide and strongly adherent substrates e.g., mica were 
investigated (Lee et al., 2010; Li et al., 2010). It was found due to the out-of-plane 
compliance of graphene, the puckering effect is prominent for the monolayer graphene 
on the weakly adherent substrate, which can strengthen the mechanical and 
tribological properties of graphene. A series of MD simulations were performed to 
probe the frictional characteristics between graphene and substrate (Dong, 2014; Li et 
al., 2016b; Ye et al., 2012). The effects of substrate roughness, the number of graphene 
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layers and different pre-existing winkles were studied and discussed. The MD 
simulation further confirmed the experimental observation and concluded that the 
interfacial friction would be reduced as the few layer graphene become thicker. On the 
contrary, increase in substrate roughness as well as pre-existing wrinkling of graphene 
would result in higher interfacial friction due to puckering effect as well as a more 
atomic commensurate and better pinned state.  
 
By using in-situ micro-Raman spectroscopy, Wang et al. (2015) studied biaxial 
compressive behaviour of monolayer graphene embedded in PMMA matrix. It was 
found that the embedded graphene could continuously carry compressive loads after it 
reached critical buckling strain of 0.8%. At lower strain the graphene/PMMA system 
showed mechanical recoverability, but at compressive strain higher than 2.3%, 
interfacial debonding occured at some areas. The effect of lateral dimension of 
graphene on the properties of PMMA nanocomposite was studied by Valles et al. 
(2015). Compared with smaller flakes, the graphene with larger lateral dimensions 
provided better interfacial stress transfer, thus increased the dynamic moduli as well as 
the viscosity of the PMMA melt. The modulus of the composite with larger graphene 
flake diameters was increased with the filler content loading without aggregation 
effect.  
 
As mentioned earlier, the graphene surface can be further treated to increase its surface 
roughness and induce wrinkling. Some experimental efforts have recently been made 
to produce a uniform dispersion of graphene nanofillers in the polymer matrix through 
the change of graphene surface chemistry and its interaction with polymer matrix. This 
is usually achieved through hydrogen bonding, non-covalent or covalent 
functionalisation. For example, the effect of hydrogen bonding formed between 
graphene derivatives and poly(methyl methacrylate) (PMMA) matrix has recently 
been studied. It was found that the interface tended to be stiffened and strengthened 
owing to improved interfacial interaction via hydrogen bonds (Dai et al., 2016; Wang 
et al., 2016a). The presence of oxidative debris in the as-made graphene oxide (GO) 
could benefit to the formation of PMMA nanocomposites due to a good dispersion and 
strong interfacial interaction between GO and polymer matrix (Valles et al., 2013). 
Putz et al. (2010) demonstrated that GO-reinforced PMMA nanocomposites might 
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have different morphology, modulus and strength, which could be attributed to the 
hydrogen bonding ability of intercalating species within GO. Zhang et al. (2012) found 
that graphene with a higher ratio of carbon/oxygen exhibited a better dispersion in 
PMMA than those with a lower ratio, which led to lower rheological and electrical 
percolation thresholds as well as higher electromagnetic interference (EMI) 
effectiveness up to 30 dB.  
 
Non-covalent functionalisation is another way to modify graphene to attain a better 
dispersion in the polymer matrix and interfacial properties. For example, PMMA 
nanocomposites were fabricated via solution casting in which Kevlar fibres were 
attached to graphene surface through non-covalently functionalisation, i.e., π-π 
stacking interaction (Fan et al., 2012; Lian et al., 2014). Song, Wan, and Zhang (2015) 
synthesised pyrene-functionalised poly(methyl methacrylate)-block- 
polydimethylsiloxane (Py-PMMA-b-PDMS) for further functionalisation of GO 
through π-π stacking interaction between pyrene and graphene sheets. Yang et al. 
(2012b) non-covalently attached the imidazolium ionic liquids (Imi-ILs) onto the large 
surface of graphene through π-π and/or cation–π stacking interactions, and then 
fabricated graphene/PMMA nanocomposites through in situ copolymerisation.  
 
In addition to hydrogen bonding and non-covalent functionalisation, covalent 
functionalisation is also a promising method to form strong interaction between 
graphene nanofillers and polymer matrix. For example, the latex and in-situ 
polymerisation technique can be used to attain better dispersion of graphene in 
polymer matrix and at the same time functionalise the graphene surface. Jiang et al. 
(2013) developed one-step covalent functionalisation and simultaneous reduction of 
GO with hydroxyethyl acrylate (HEA), resulting in a functionalised graphene with 
double bonds. Such functionalised graphene was pretreated through latex emulsion 
copolymerisation with methyl methacrylate (MMA) monomers, followed by melt 
blending with PMMA matrix. Zhang et al. (2016) studied the interfacial interactions 
between chitosan and functionalised graphene sheets with carboxylization (COOH-), 
amination (NH2-), and hydroxylation (OH-) groups using the method of ab initio 
simulations based on quantum mechanics theory. Their study demonstrated that the 
choice of functional groups was very important for effectively interfacial interaction 
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improvement. 
2.2 Applications of graphene based nanocomposites 
2.2.1 MEMS applications 
Recently, graphene based polymer nanocomposite has been proposed as one of the 
suitable materials for many miniaturised electronics. The excellent physical properties 
of graphene nanocomposites enable the envisioned devices to sustain repetitive loads 
such as bending, folding or stretching. As shown in Figure 2.2.1, Majidian et al. (2014) 
prepared conductive rGO/SU8 epoxy resin and demonstrated the photolithography 
compatibility of such nanocomposites, such material may have strong potential in the 
MEMS applications such as wearable sensors.  
 
 
Figure 2.2.1 Well defined SU8–rGO nanocomposite, patterned by 
UV-lithography process containing: (a) 1.2 wt%, (b) 0.9 wt%, (c) 0.6 wt% and 
(d) 0.3 wt% reduced graphene oxide as filler. (Majidian et al., 2014) 
 
Graphene can be sandwiched between the polymer matrices and acted as the top 
electrodes to make nanocomposite actuators or energy harvesters. Shin, Hong, and 
Jang (2011) fabricated flexible and transparent graphene films for poly(vinylidene 
fluoride) (PVDF)-based acoustic actuators. The graphene based acoustic actuator was 
demonstrated to have much less power consumption compared to the commercial thin 
film speaker. The transparent, stretchable piezoelectric graphene based energy 
harvesters were reported (Lee et al., 2014; Lee et al., 2013), which could harvest 
thermal and mechanical energies with high sensitivity. 
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2.2.2 Functional thin film devices 
Graphene polymer nanocomposites may also find applications in the cost effective 
functional thin film devices, for example, organic photovoltaic (OPV) devices, 
dye-sensitised solar cells, organic field effect transistors (OFETs) and gas barriers. As 
shown in Figure 2.2.2, Yin et al. (2010) transferred chemically derived rGO film onto 
PET and produced transparent, conductive electrode for OPV devices with layered 
structures. The devices were able to sustain a thousand bending cycles. Li et al. (2014b) 
fabricated graphene based laminated organic-inorganic hybrid solar cells and 
demonstrated its potential to replace indium tin oxide (ITO) based optoelectronic 
devices. The gas barrier performance of large-area graphene films on PET films was 
evaluated by Choi et al. (2015). The flexible OFETs films showed seven fold 
improvement compared to a bare PET film, also the composite thin film exhibited 
prolonged lifetimes and mechanical stability over 500 bending cycles at around 2.3% 
strain. 
 
Figure 2.2.2 (A) Photograph of rGO/PET. (B) AFM topographic image (3 x 3 
µm
2
) of rGO/PET. (C) AFM image and section analysis of 16 nm thick rGO film 
on PET; i.e., rGO/PET in panel B. (D) Sheet resistance (RSR) and transmittance 
(T) of rGO film as a function of its thickness (Yin et al., 2010). 
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2.2.3 Structural nanocomposites 
The incorporation of graphene nanofiller tends to enhance mechanical properties, such 
as the modulus, strength, fracture toughness, and fatigue strength of bulk polymer 
nanocomposites for structural applications. Figure 2.2.3 shows the effect of graphene 
content on the mechanical properties and thermal stability of nanocomposites (Zhan et 
al., 2011). The thermal conductivity of graphene-based nanocomposites can also be 
highly enhanced. For example, the thermal conductivity of neat epoxy (0.2 W/mK) has 
been raised to 3–6 W/mK. Nevertheless, the improvements in mechanical properties 
were highly dependent on the degree of dispersion, intrinsic mechanical properties, 
filler orientation etc. (Potts et al., 2011a; Steurer et al., 2009). 
 
(a) 
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(b) 
Figure 2.2.3 (a) Effect of GN content on the tensile strength and tensile 
modulus of PEN/GN nanocomposites. (b) TGA curves of PEN and 
PEN/GN nanocomposites. (Zhan et al., 2011) 
2.3 Manufacturing techniques of graphene based nanocomposites  
2.3.1 Additive manufacturing of nanocomposites 
The properties of a material are closely related to the processing conditions, and 
change of a processing parameter will have an effect on the microstructure, properties 
and performance of the material. In the context of graphene based polymer 
nanocomposites, the choice of processing method is closely related to the quality and 
size of end product as well as its intended application. Recently, the additive 
manufacturing (AM) techniques are in rapid development. It can be foreseen that with 
the help of AM techniques, the fabrication of graphene based polymer nanocomposites 
with designable material microstructures and arbitrary structural shapes can be 
realised. The following sections will be reviewing some of the progresses in the AM 
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techniques related to graphene/polymer nanocomposites fabrication. A special type of 
AM technique known as layer by layer (LbL) assembly as well as the commonly 
known 3D printing methods for polymer nanocomposites are emphasized as they are 
promising methods for fabricating graphene based polymer nanocomposite thin films 
or structural components with functionally graded profiles.  
2.3.2 Layer by layer (LbL) assembly 
The layer by layer (LbL) assembly is a method for preparing thin films based on 
sequential layering of different macromolecular components (Decher, 1997). The 
success of such method relies on the molecular attractive forces between each layer. 
Traditionally, polyelectrolytes have been widely used in LbL due to the charged 
electrolyte group once dissociate in aqueous solutions, which are attractive to the 
opposite charged inorganic fillers (Ariga et al., 2012). As the technique develops, it is 
now demonstrated that in addition to electrostatic interactions, other attractive 
interactions such as hydrogen bonding, van der Waals forces, electron exchange can 
also be effective and facilitate LbL assembly (Ariga et al., 2014). The molecular 
interactions between the polymer and nanofiller can be tuned via different 
functionalisation processes, which dramatically expand the material inventory of LbL 
technique. Furthermore, many efficient and commercially available deposition 
methods have been developed, such as spin- and spray- assisted LbL assemblies, in 
which the centrifugal force and air-shear force are applied to further assist the 
assembly (Richardson, Bjornmalm, & Caruso, 2015; Richardson et al., 2016). 
 
Nanostructures with inorganic filler fabricated using LbL assembly have been reported 
in various literatures. Due to the highly ordered structures and strong interfaces, the 
mechanical properties are usually superior to the composites reinforced with random 
distributed fillers. Tang et al. (2003) fabricated artificial nacre of 
poly(diallydimethylammonium) chloride (PDDA)/MMT nanocomposites using LbL 
technique. In the nanocomposite film, the clay sheets strongly overlapped with each 
other at the edges. Each clay platelet was glued together with the others by the 
polyelectrolyte layer deposited and intercalated between them. The thickness of the 
film ranged from 1.2 to 4.9 mircons with the highest Young’s modulus measured to be 
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11 ± 2 GPa. The poly(vinyl alcohol) (PVA)/MMT nanocomposite was reported by 
Podsiadlo et al. (2007) and they showed that atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) verified their strictly planar orientation. The 
300-bilayer film had the thickness of 1.480 ± 0.004 micron, indicating an average of 
~5nm of thickness per bi-layer. Unlike the PDDA/MMT nanocomposites, the filler 
and matrix were not able to interact via electrostatic force, but rather via hydrogen 
bonding, which resulted in similar Young’s modulus of 13 ± 2 GPa and 150 ± 40 MPa 
ultimate tensile strength as the aforementioned PDDA/MMT nanocomposites. In the 
same work, PVA/MMT film was treated using glutaraldehyde (GA) after LbL 
assembly to further the bonding and load transfering between the –OH groups and the 
clay. The film was composed in ~70 wt% of the MMT and nearly perfect orientation 
and fine dispersion of the nanoplatelets. The improvement was dramatic after 
crosslinking, The Young’s modulus rose to 106 ± 11 GPa, and ultimate tensile strength 
reached 400 ± 40 MPa (Podsiadlo et al., 2007). A three component polyethylenimine 
(PEI)/ poly(acrylic acid) (PAA)/ MMT film was also fabricated (Priolo et al., 2010). 
With 36.7 wt% clay content, the film thickness was only 50.9 nm and had eight 
bi-layers (or four quad-layers), and showed tightly packed, laminar clay layers. In 
another study (Shim et al., 2009), the PVA/SWCNT was LbL assembled and treated 
using GA. Although the Young’s modulus of CNT is much higher than the MMT, due 
to the fact CNT is one-dimensional fibre and not aligned in the layer, the Young’s 
modulus of the nanocomposites was 15.6 ± 3.8 GPa which was much lower than the 
PVA/MMT manufactured using the same technique. 
 
Due to the fact that GO is hydrophilic and negatively charged in aqueous solution. 
Positively charged or hydrogen bonding abundant polymers can be selected for the 
LbL assembly (Yang, Hou, & Kotov, 2012). Some of the examples are Polyaniline 
(PANI)/rGO (Gao et al., 2013), PDDA/rGO (Xu et al., 2013b), PEI/GO (Yang et al., 
2013) and PVA/rGO (Zhao et al., 2010b; Zhu, Zhang, & Kotov, 2013), 
Poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrene sulfonate) 
(PSS)/GO (Kulkarni et al., 2010) nanocomposites. In the above studies, the following 
notable characteristics of the LbL film morphologies were observed. The as-built thin 
film often exhibited highly stratified layers with distinct filler matrix interphases. The 
graphene nanofillers could have extra large sizes ranged from dozens of microns to 
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hundreds of microns, and were planar aligned with microroughness. The nanofiller 
contents were usually very high which resulted in a composite with low graphene 
interplanar distance and densely packed polymer in between. As a result, the 
nanocomposites showed good anisotropic mechanical, thermal, electrical and optical 
properties. For example, the average bilayer thickness of the LbL assembled GO/PVA 
flim (Zhao et al., 2010b) and GO/PANI film (Sheng et al., 2011) was measured both to 
be ~3nm and the nanofillers were highly aligned in the planar directions. By using 
Langmuir-Blodgett (LB) deposition, folding and wrinkling of GO in the assembled 
thin film were substantially minimized, and the microroughness of the embedded GO 
was measured to be 0.38 nm, which indicated atomic smoothness (Kulkarni et al., 
2010). Zhu, Zhang, and Kotov (2013) reported 300 bilayer LbL rGO/PVA film which 
contained up to 34 to 72 wt% of reduced graphene nanofillers. AFM image showed 
that an approximately 1 nm thick film of rGO sheets adsorbed on a smooth and 
uniform layer of PVA with a dominantly flat orientation in each dipping cycle. In 
another study, the (GO/PDDA) n (n = 1, 2, 4) LbL assembled films were deposited on 
the ITO substrate with the thickness of about 2 nm, 4 nm, 9 nm as estimated by AFM 
height analysis, the surface root-mean-square (RMS) roughness of the samples was 
estimated to be 1.202 nm, 1.440 nm, 1.613 nm and 2.127 nm, respectively, while the 
lateral size of the GO ranged from hundreds of nanometres to several microns (Zhou et 
al., 2015b). Conventional thermoplastic polymers can also be treated to render them 
positively charged. The self-assembly of positively charged PMMA latex particles 
and negatively charged graphene oxide sheets was realised by Pham et al. (2012), 
which the positive charged PMMA was produced using 
2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH) initiator. Positive charged 
PS was synthesised using methacryloxyethyltrimethyl ammonium chloride as 
co-monomer (Zhao et al., 2014). Besides, weak van der Waals interactions can also 
work in the LbL assembly between GO and biopolymers, for instance, Hu et al. 
fabricated silk fibroin/GO nanocomposite membranes using the LbL assembly (Hu et 
al., 2013b). The bulging test of the membrane exhibited ultra-high modulus up to 145 
± 4 GPa and ultimate tensile stress of more than 300 MPa, at 23.5% volume fraction 
of GO concentration. It was suggested that the combination of weak interactions, such 
as hydrogen bonding, polar-polar and hydrophobic-hydrophobic interactions at the 
interfaces was the reason of the measured ultra-high tensile modulus. After the thin 
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film assembly, the reduction of GO sheets can be performed by various techniques 
such as thermal treatment, chemical reduction, electrochemical reaction (Hu et al., 
2013c) or photoreduction (Li & Bubeck, 2013), meanwhile keeping the polymer 
structure intact. The graphene reduction on the mechanical properties of LbL 
assembled GO/polyvinylamine (PVAm) films was studied by Humood et al. (2017). 
It was found that no measurable change to the polymer matrix was detected after the 
thermal treatment. However due to the increase of the sp
2
 carbon species, the bilayer 
thickness reduced to ~3 nm, and the average roughness reduced to 4.6 nm. As a 
result, the elastic modulus increased from 16.08 ± 3.94 to 25.65 ± 4.5 GPa. 
 
From the above literatures it can be seen that the LbL technique possesses many 
advantages such as accurate control of the composition, nanofiller orientation. It can 
also overcome the aggregation issue under higher nanofiller content which usually 
exists in other processing method. As a result, the as-produced nanocomposites 
properties are excellent. The drawback of such technique is that usually only 
relatively thin and layered films can be fabricated, with the thicknesses range from 
several nanometers to hundreds of microns. 
2.3.3 Pre-treatment of the nanocomposites mixture 
To fabricate bulk materials with large volumes, LbL technique is inadequate and the 
nanofiller and matrix materials should be mixed beforehand. Homogenously 
dispersion and exfoliation of nanofillers in the polymer matrix are preferred for getting 
optimised material properties. Aggregation of nanofiller should be avoided as it poses 
detrimental impact on the physical properties of nanocomposites. Although the 
random distribution of graphene in polymer matrix can enhance the 
thermo-mechanical properties of graphene-based composites (Hu et al., 2014d; Jang, 
Jeong, & Kim, 2009; Khezerlou & Tahmasebipour, 2014; Rahman, 2013; Rahman & 
Foster, 2014; Rahman & Haque, 2013; Vadukumpully et al., 2011; Zhang et al., 2012; 
Zhao et al., 2010a), the dispersion is still far from perfect due to the poor miscibility 
between graphene and polymer matrix (Hu et al., 2014b; Saravanan et al., 2014).  
 
The mixing of nanoscale filler and polymer matrix relies prevalently on the vigorous 
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mechanical mixing force, such as high speed stirring in the polymer melt state or 
sonication in the binary solution state. The turbulence caused by high energy 
mechanical stirring creates shearing and collision events between the nanoplatelet 
which can overcome the van der Waals forces between nanoplatelet layers or bundles 
and facilitate exfoliation of nanofiller (Potts et al., 2011b; Wakabayashi et al., 2008). 
However, due to the hydrophobic nature of untreated graphene surface, it is difficult 
to achieve homogenous filler dispersion alone by mechanical mixing. Furthermore, 
the intense stirring or sonication process may tear apart or crumple the large flakes of 
graphene or its derivatives (Sengupta et al., 2011). As a result, the properties of the 
as-produced nanocomposites may not be improved as expected, and a better 
processing route should be explored. The exfoliation and dispersion of nanofillers are 
still the research in progress. Nevertheless, the following processing routines are 
thought to be versatile and effective on polymer nanocomposites master batch or 
prefabrications. 
 
Solution mixing relies on different aqueous or organic solvents to dissolve graphene 
and polymer mixtures. High shearing e.g., ultrasonication is usually applied to 
facilitate graphene exfoliation and polymer intercalation. A wide range of polymer 
matrices can be processed using this method, such as poly(methyl methacrylate) 
PMMA (Ramanathan et al., 2007), polyurethane (PU) (Ding et al., 2012; Liang et al., 
2009b), poly(vinylidene fluoride) PVDF (Jang et al., 2013) or polyamide 46 (PA 46) 
(Chiu & Huang, 2012). Combined solvents can be used for graphene exfoliation, for 
instance, it was reported that the binary solvent mixtures showed much more efficient 
exfoliation than the neat solvents (Ayan-Varela et al., 2014; Konios et al., 2014; Tasis 
et al., 2013). As GO is hydrophilic and dissolvable in water, water soluble poly(vinly 
alcohol) PVA has also reported as a promising matrix and molecular level dispersion 
of GO or rGO is achievable (Liang et al., 2009a; Wu et al., 2013). Relatively large 
weight fraction of graphene up to 20-40 wt% has also been achieved by Wang and 
Jayatissa (2015). The graphene/PMMA composite sample film was made by solution 
phase mixing and spin coating technique and had improved electrical conductivity 
when the graphene concentration become higher. One of the challenges of solution 
mixing is that common solvents are not easily found. In addition, some of the 
limitations are as follows, most solvents are toxic and not easily removed, graphene 
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filler may restack during reduction stage and high shearing is often needed to facilitate 
exfoliation which may damage the graphene filler (Li et al., 2013b). 
 
Latex mixing is an environmental friendly method, which polymer latex is mixed with 
nanofiller aqueous dispersion. The nanocomposite flocculation can be obtained 
through precipitate and coagulant from the aqueous dispersion, and then the final 
nanocomposites through drying and filtration. Depends on the nanofiller and polymer 
latex sizes, the nanofiller can be wrapped by polymer latex particles and form a 
segregated network, or otherwise polymer latex can be wrapped by nanofiller to form 
cellular morphology. Compared with solution mixing, there is no volatile solvent 
required and it essentially eliminates the solvent evaporation issue during processing. 
Besides, better nanofiller dispersion may be obtained (Yoonessi & Gaier, 2010). Li et 
al. (2013a) prepared graphene based polystyrene (PS) nanocomposites using latex 
mixing, co-coagulation and in situ GO reduction techniques. Due to benzene group of 
styrene, the PS latex was able to form π- π stacking and adsorbed on the graphene 
surface. TEM and XRD measurements confirmed the well dispersion of graphene in 
the PS matrix which led to the improved electrical and mechanical properties of the 
composites. Yousefi et al. (2012) prepared rGO-PU nanocomposites using 
water-based latex mixing with the microstructure mimicking naturally occurring nacre 
shells. Self-alignment of ultra large GO sheets in the PU matrix was observed when 
the graphene content was above about 2 wt%, and the authors attributed it to the 
gravitational force and excluded volume in an aqueous medium. The GO adsorbed 
PMMA latex was also reported (Zhang et al., 2013), and as GO in water is negatively 
charged, a cationic surfactant was used to render the surface of latex positively 
charged to favour electrostatic self-assembly.  
 
In situ polymerisation is the process with insoluble monomers or oligomers reacting 
and synthesizing polymer latex in an aqueous solution. The process often involves 
surfactants with concentration above its critical micelle concentration (CMC). The 
difference between direct latex mixing and in situ polymerisation is that the in situ 
polymerisation is a dynamics chemical process which accompanied by polymer 
growth from the monomer swollen micelles. The benefit of in situ polymerisation is 
that it allows graphene functionalision during the process and also nanoscale polymer 
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absorption onto the graphene surface. Furthermore, much complex copolymer 
structures can be realised. For example, The intercalated graphite oxide/PMMA (Wang 
& Pan, 2004) was prepared by in situ polymerisation and it was found the MMA 
monomer could effectively intercalate between graphite galleries, which improved the 
electrical and mechanical properties of the composites. Zhang et al. (2004) prepared 
Styrene-butyl acrylate copolymer (St-BA)/GO nanocomposites by in situ emulsion 
polymerisation. Using different types of monomers and in situ polymerisation, the 
complex terpolymer was realised and the favourable flammability was achieved even 
at low GO content. The emulsion and mini-emulsion techniques have previously been 
used to graft PMMA chains onto GO surface (Gonalves et al., 2010; Gong et al., 2016; 
Sheng et al., 2015a). Covalent functionalisation of graphene surface has also been 
reported for PVC nanocomposites (Hu et al., 2014a) and PMMA nanocomposite films 
(Hu et al., 2014c).  
 
The combined in situ polymerisation and latex mixing approach has been proposed 
as one of the promising methods for industry level nanocomposites master batch 
production. During in situ polymerisation, the entropy required for mixing graphene 
derivatives and reactive monomers is much lower than that for mixing with the 
macromolecules, which allows better dispersion of the graphene filler. The extra 
merit is that the functionalisation of graphene can be readily implemented during the 
in situ polymerisation in which the chemical environment of the graphene matrix 
interfaces can be further tailored and optimised (Bao et al., 2011). 
2.3.4 Nanocomposites 3D printing techniques 
The nanofillers and matrix materials may be pre-treated and premixed using the 
aforementioned processing method, then extruded and deposited layer by layer to 
form 3D structures of diverse sizes and shapes. This technique is also commonly 
known as extrusion based 3D printing (3DP) method.  
 
Fused deposition modelling (FDM) is one of the popular 3DP methods and has been 
rapidly expanding in the commercial 3D printer industry (Wang et al., 2017b). Wei et 
al. (2015) demonstrated that GO reinforced ABS and PLA nanocomposites with 5.6 
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wt% and 0.8 wt% GO loading can be 3D printed using a commercially available 3D 
printer. The reduction of GO was subsequently achieved by hydrazine. Ahmadi et al. 
(2016) 3D printed nanocomposite earmuff with ABS and 4 wt% nanoclay. The 
3D-printed nanocomposite earmuff showed higher performance in terms of insertion 
loss and noise-reduction rating when compared to the one fabricated using pure ABS. 
Leigh et al. (2012) manufactured several electronic sensors using biodegradable 
polycaprolactone (PCL) and carbon black. The filament was prepared by 
aforementioned solution mixing followed by solvent evaporation and hot rolling. 
Similar solvent assisted mixing was used to blend PLA and MWCNT 
nanocomposites, followed by the 3D printing of the freeform spirals (Guo et al., 
2015). 
 
The alignments of the micro- or nano-fillers are also achievable during the 3D 
printing process. Compton and Lewis (2014) reported a hybrid composite by 
incorporating nanoclay platelets, carbon fibre and silicon carbide whiskers into 
epoxy resin. It was observed that the fibres with high aspect ratios were aligned 
along the printing direction, and it was believed that the alignment was induced by 
shear and extensional flow inside the nozzle. Recently, Lewicki et al. (2017) 
demonstrated a direct ink writing (DIW) 3D-printing technology and fabricated the 
aligned carbon fibre (CF)- bisphenol-F epoxy resin (BPFE) system. Due to tailored 
mixing rheology and shear-thinning behaviour under shear force, the 3D printed 
composites exhibited highly orthotropic mechanical and electrical responses. Li et al. 
(2014c) achieved planar orientation of the graphene platelet in the PMMA matrix 
through forced assembly and multilayer co-extrusion. It demonstrated that in the 
direction along graphene planar orientation, significant mechanical reinforcement 
could be achieved, and the reinforcing effect was higher than randomly distributed 
graphene/PMMA composites. A lateral oscillation mechanism combined with wall 
pattern printing technique was developed by Yunus et al. (2016). The generated 
Couette shear flow promoted the alignment of aluminium oxide nanowires in the 
acrylate based photocurable polymer. As a result, the mechanical properties of the 3D 
printed nanocomposites were better than the nanocomposites reinforced with random 
orientated nanowires. Similar improvements of thermal conductivities of the 3D 
printed nanocomposites in the graphite flakes direction were reported recently (Jia et 
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al., 2017). 
 
Compared with the LbL assembly method, due to rheology consideration, the 
graphene content in the 3DP composites is usually low, and the size of the nanofillers 
is small. Although the shear flow generated during extrusion and printing head 
movement can induce nanofiller alignments, the filler dispersion, continuity and 
orientation depend on various issues such as nanofiller surface chemistry, filler and 
matrix interaction as well as external shear flow rate. The quantitative analysis about 
the influences of nanofiller conditions, extrusion parameters on the nanocomposites 
morphologies as well as mechanical properties remain limited and more 
investigations are needed. 
2.3.5 Functionally graded nanocomposites 
The idea of functionally graded materials (FGMs) comes from the nature. Many 
biomaterials such as nacre, teeth, bones and bamboos are natural FGMs with material 
variation in compositions and structures over the volume. The first engineering 
application of FGMs was originated in the space programme. Instead of applying the 
thermal resistant coating on the surface of a structural member, the structural member 
itself was made by gradually varying the ceramic and metallic contents along the 
thickness direction of the cross section. Thus the structural member itself possesses 
both merits of thermal resistant from ceramic and mechanical toughness from metal 
while maintaining a reduced weight. Besides, because of the existence of the transition 
zone of ceramic and metal mixtures between the regions purely made of these two 
materials, it alleviates the material properties mismatching of these two distinct 
materials such as thermal expansion coefficient or stiffness, and thus eliminates the 
interlaminar stresses that usually exist in the laminated panels. This type of 
functionally graded materials later found many applications in extreme temperature 
environment, such as on forming thermal barrier in the nuclear reactors or turbine 
blades in the jet engines (Reynolds, 2012).  
 
In addition to the FGMs made of metals and ceramics, researches on functionally 
graded polymers are also emerging. For example, it is demonstrated that the tensile 
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strength and thermal shock resistance of the functionally graded polyvinyl chloride 
(PVC) - polyalkyl methacrylate (PMA) polymer material are superior to the ones 
fabricated purely by its constituent materials (Agari, 2008). Shen (2009) incorporated 
the concept of FGMs into the CNT reinforced polymer nanocomposites. The proposed 
materials can follow an arbitrary CNT distribution pattern and have continuously 
varied properties along the cross section of structure member. Different types of 
nanocomposites can be conceived just by altering the volume fractions of the CNTs 
along the structural cross sections. Their research showed promising mechanical 
enhancements of functionally graded nanocomposites. 
 
Similarly, functionally graded graphene reinforced composites (FG-GRC) can also be 
envisioned. From the cost efficiency point of view, the graphene nanofillers can be 
maximum utilised when using the functionally graded distribution. It is also 
anticipated that the FG-GRC can offer unique structural and functional merits that can 
be tailored to meet various industry requirements. For instance, the surface of the 
material can be heavily armoured by a relatively high fraction of graphene, and a 
medium to low graphene concentration can be incorporated to the internal portion of 
the material. By this means, the surface microcracks may be supressed, the flexural 
rigidity may also be improved, and at the same time the overall ductility may be 
enhanced together with the improvements of vibration or damping characteristics. 
Graphene possesses unique thermal and electrical properties. By varying the graphene 
contents, one may achieve the top layer of the structure member to be metallic while 
the bottom layer of the structures to be semi-conductive or electrical insulated. This 
nanocomposite may find special applications in the electrostatics protection, 
electro-magnetic screen, forming radar wave absorption materials, and micro electro 
mechanical systems (MEMS). Similar thermal properties may also be designed as well. 
Functionally graded polymer optical material may find applications in the 
telecommunication and automobile industry for its graded optical property.  
 
The aforementioned additive manufacturing is one of the ideal techniques to create 
functionally graded polymer nanocomposites. The FGMs can be realised by 
delivering different volume fractions of nanomaterials to the specific building areas 
and the ability to design composition enables the optimisation of the properties of 
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printed parts. A 3D nylon/nanosilica nanocomposite with spatially varying 
mechanical properties was produced by Chung and Das (2008) with 1D nanosilica 
composition gradient using SLS technique, and the printed components realised the 
optimised functional values. 
2.4 Computational and simulation studies of nanocomposites  
2.4.1 Atomic scale simulation 
For nanomaterials, due to its nanosized filler, MD simulation has been proven to be a 
valuable tool. Ni et al. (2010) studied the anisotropic mechanical properties of 
graphene via MD simulation. It was found that under the same uniaxial tensile load, 
the fracture occurred sooner in the armchair direction instead of zigzag direction. Shen, 
Shen, and Zhang (2010b) studied the elastic properties of graphene using MD 
simulation and classical plate theory. It was found that the effective thickness of 
graphene was less than 0.34 nm. The Young’s modulus of graphene decreased with 
increases of temperature whereas the shear modulus depended weakly on temperature 
variation. Min and Aluru (2011) studied the shear deformation of graphene using MD 
simulation. With the increase of temperature, it was found that the shear modulus 
increased first up to 800 K and then decreased with further increase of temperature. As 
for coefficient of thermal expansion, the simulation results are rather dispersed. It can 
be positive, negative or change sign depending on the potentials which are used for 
computation (Magnin et al., 2014). It is also very sensitive to the interaction between 
substrate and graphene (Jiang, Wang, & Li, 2009). 
 
Duan, Gong, and Wang (2011) studied the in-plane shear winkling of graphene using 
molecular mechanics simulations and a continuum model. Their simulation showed 
that the wrinkle wavelength decreased with an increase in shear loading, while the 
amplitude of the wrinkles initially increased with strains, then it became stable after a 
certain strain level. Recently, Xiang and Shen (2014) studied the buckling of free 
hanging graphene under uniformly distributed tension by MD simulation. They 
calculated the maximum buckling amplitude with the corresponding wavelength and 
tensile force. They also found that at the same temperature, the armchair graphene had 
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a higher initial buckling force and a larger maximum tensile force than the zigzag 
graphene. More recently, Xiang and Shen (2015) investigated the shear buckling of 
rippled single-layered graphene sheets in thermal environments using MD simulations. 
They found that the buckling mode shapes for both square and rectangular graphene 
sheets were different from the ones for thin square and rectangular plates as predicted 
by continuum mechanics models. On the other hand, Zhang and Arroyo (2014) 
simulated the wrinkle networks of graphene similar to the ones observed in CVD 
graphene samples through numerical simulations based on an atomistically informed 
continuum theory. Cranford (2013) studied buckling induced delamination of mono- 
and bi-layer graphene based composites using a hybrid full atomistic and 
coarse-grained MD approach. The simulation showed that depending on the effective 
stiffness and adhesion strength, either cooperative or discrete buckling of embedded 
graphene occurred. 
 
Previously, the effects of single walled CNT (SWCNT) on the mechanical properties 
of polymer nanocomposite were studied by MD simulation. The simulated 
SWCNT/PMMA and the SWCNT/PmPV system showed significant reinforcement in 
the SWCNT longitudinal direction (Han & Elliott, 2007). Rissanou and Harmandaris 
(2013) simulated graphene reinforced PMMA composites by MD simulation, in which 
the interfacial stress transfer and deformation mechanism have been investigated. 
Simulation of the PMMA chains in the vicinity of graphene surface showed strong 
effect of graphene layers on the density, structure conformation as well as the 
dynamics of PMMA. It was found PMMA chains close to the graphene layer were 
practically frozen and trapped in a metastable condition. Unlike CNTs, graphene 
exhibited a wrinkled morphology due to the thermal fluctuation and long-range 
attraction among atoms. Liu et al. (2015) studied the effect of wrinkled surface of 
graphene on the interfacial mechanical property of nanocomposites by MD simulation. 
It was found that a wrinkled graphene surface could effectively enhance the interfacial 
mechanical property compared with a flat one and the wrinkled graphene/PMMA 
system had even stronger interaction than the graphene/PE system.  
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2.4.2 Mesoscale simulation 
Several mesoscale methods have been proposed, such as Brownian dynamics 
(Carmesin & Kremer, 1988), dissipative particle dynamics (Hoogerbrugge & 
Koelman, 1992), lattice Boltzmann (Chen & Doolen, 1998), time-dependent 
Ginzburg-Landau method (Lee, Douglas, & Glotzer, 1999) and dynamic density 
functional theory (DFT) (Burke, Werschnik, & Gross, 2005). In this study, the focus is 
on the dissipative particle dynamics (DPD) as it was proven to be an effective method 
for polymer matrix based nanocomposites.  
 
A mesoscale CNT model based on the DPD method was presented by Liba et al. 
(2008), in their study 24 carbon atoms were grouped into a coarse grained DPD bead 
which also preserved the tubular structure of the CNT. The force constants of the 
model were determined by fitting the simulation results to mechanical parameters of 
CNTs which were available in the literatures. The dynamics of CNTs during CVD 
growth was successfully simulated and the zipper effect was demonstrated. The 
immiscible polyethylene (PE) and polyl-lactide (PLLA) CNT nanocomposite was 
studied using the DPD method to investigate the effect of volume fraction of the PE 
and PLLA on the structural property of the nanocomposite. It was concluded that the 
volume fraction and mixing methods affected the equilibrated structure, however the 
microstructure was only affected in the block copolymer method. If using the blend 
method, all microstructures were of the same spherical shape (Wang et al., 2011c). The 
diffusion and morphology of CNTs in different concentrations (2%, 5% and 10%) in 
polycarbonate (PC) matrix were investigated using the DPD simulation. The bundle 
formation of CNTs was observed in all of the three mixtures (Chakraborty, Choudhury, 
& Roy, 2013). Various other systems have also been studied, such as aluminosilicate 
nanotubes (Komarov, Markina, & Ivanov, 2016), and clay nanoparticles (Gooneie et 
al., 2015; Gooneie, Schuschnigg, & Holzer, 2016). In addition, studies have also been 
made to evaluate the efforts of some key material and processing parameters (e.g., 
aspect ratio, rigidity, concentration, diameters of the fillers, chain length of polymer, 
shear flow and rate) on morphologies of such filler-polymer nanocompoistes (Gooneie 
et al., 2015; Gooneie, Schuschnigg, & Holzer, 2016; He et al., 2011; Park, Kalra, & 
Joo, 2014). Yet, little work has been done to use DPD simulation for 
34 
 
graphene-reinforced polymer nanocomposites. Min, Lee, and Jang (2012) performed 
DPD simulation to examine the self-assembly of surfactant molecules onto graphene 
nanosheet in aqueous solution. It was observed that the surfactants located at the 
central region of graphene were able to form hemispherical micelle structures. Ju et al. 
(2013) investigated the structure of graphene/PMMA with different graphene volume 
fractions using DPD. It was found that for a higher volume fraction of graphene in the 
polymer system, it required a better functionalisation to achieve a good graphene 
dispersion.  
2.4.3 Continuum micromechanics 
The Mori-Tanaka Model (Mori & Tanaka, 1973) has been successfully applied to 
predict the properties of heterogeneous materials such as the micron fibre reinforced 
laminate composites. As a continuum mechanics method, based on Eshelby’s 
equivalent inclusion theory (Eshelby, 1957), the stress and strain differences due to the 
inclusion in the infinite medium can be equivalent to the eigenstrain exerted on the 
matrix. Thus, the equivalent engineering constants of the composites can be solved by 
the equilibrium of average stress. Nonaligned or randomly oriented micron fibres 
reinforced composites can also be estimated using analytical Halpin-Tsai model 
(Halpin & Kardos, 1976). For the graphene reinforced composites, as the surface area 
of the nanofillers is significantly larger than that of the micron fibre reinforced 
counterparts with the same filler mass, the interphase between the nanofillers and the 
matrix could play an important role on the performance of the nanocomposites. The 
interphase thickness may be comparable to the nanofiller sizes and the elastic 
properties are strongly affected by the interphase thickness (Sevostianov & Kachanov, 
2007). Classic Mori-Tanaka or Halpin-Tsai model assumes perfect bonding in the 
filler-matrix interface as well as regular geometry of the fillers, therefore these 
models may no longer be applicable to the graphene reinforced composites. 
 
By fitting the experimental data with the commonly used shear lag theory, Gong et al. 
(2010) investigated the problem of the mechanics of PMMA reinforcement by a 
graphene platelet both theoretically and experimentally. They concluded that the 
continuum mechanics approach is still valid for graphene reinforced nanocomposites. 
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Given the correct parameters of interfacial stress transfer efficiency, the shear lag 
theory, which previously applied to the micron filler reinforced composites, can 
predict the mechanical behaviour of graphene PMMA interface. The interfacial 
mechanics between graphene and PET has been studied using a nonlinear shear-lag 
model, and the shear strength and efficiency for stress transfer was evaluated and 
related to the experimental measurements (Jiang, Huang, & Zhu, 2014). 
 
From the molecular dynamics point of view, the interphase between the nanofillers 
and the matrix comprises of two sections, i.e. the van der Waals equilibrium gap 
section and the interphase matrix section. The interphase matrix section is a layer of 
matrix molecules in the vicinity of the van der Waals gap. Therefore, when 
constructing the nanofibre-polymer interaction model, it is essential to include the 
interphase as a separate phase in the micromechanics model. Several effective 
interphase models have been developed in which the interphase was treated 
separately based on continuum mechanics (Salviato, Zappalorto, & Quaresimin, 2013; 
Wang et al., 2011a; Yang et al., 2012a).  
 
A commonly used numerical method based on continuum mechanics for analysing 
the mechanical behaviours of multi-phase heterogeneous materials is the finite 
element method (FEM). In FEM, the microstructure morphology, expressed as 
representative volume elements (RVEs), can be generated using 3-D FEM, which 
takes into account various effects (e.g., filler geometries, filler distributions, 
filler-matrix interfaces) and is able to handle complex morphology of microstructures. 
Based on the method of homogenisation, the continuum micromechanics will still be 
valid at a larger scale. The detailed morphology of reinforcing elements has been 
generated randomly using Monte Carlo algorithm (Lusti & Gusev, 2004), the random 
sequential adsorption algorithm (Naddeo, Cappetti, & Naddeo, 2014), or more 
realistic transmission electron microscope (TEM) images (Asgari et al., 2009; De 
Silva et al., 2014). Mortazavi, Bardon, and Ahzi (2013) used the 3-D FEM to study the 
effects of nanofiller geometries, in particular the effect of interphase thickness and 
property contrast on the elastic modulus of nanocomposites and they found that the 
interphase was less effective as the fillers’ geometry deviated from spherical shape. 
Peng et al. (2012) developed a computational model in which the filler clustering 
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effects were modelled as overlapping effective interfaces.  
2.4.4 Structural mechanics 
Functionally graded carbon nanotube reinforced composites (FG-CNTRCs) were first 
proposed by Shen (2009), and the graded distributions of CNT within an isotropic 
matrix were designed specifically under certain rules along the desired directions for 
the purposes of improved structural mechanical properties. The pioneering work of 
nonlinear vibrations of FG-CNTRC plates was performed by Wang and Shen (2011). 
Liew and his co-authors studied the linear free vibration of FG-CNTRC plates without 
elastic foundations and resting on elastic foundations using the element-free kp-Ritz 
method based on the first order shear deformation plate theory (FSDPT) (Lei, Liew, & 
Yu, 2013b; Zhang, Lei, & Liew, 2015a). The linear free vibration of FG-CNTRC 
plates with elastically restrained edges was performed by Zhang, Cui, and Liew (2015), 
and the linear free vibration of FG-CNTRC plates of Levy-type was performed by 
Zhang, Song, and Liew (2015b) based on the higher order shear deformation plate 
theory. Three dimensional free vibration analysis of FG-CNTRC plates with various 
boundary conditions was also presented by Shahrbabaki and Alibeigloo (2014), Nami 
and Janghorban (2015) and Wu and Li (2016).  
 
Tounsi and his co-authors presented the nonlinear cylindrical bending of FG-CNTRC 
plates subjected to uniform pressure in thermal environments based on the classical 
thin plate theory and the refined plate theory, respectively (Bakhti et al., 2013; Kaci et 
al., 2012). Liew and his co-authors studied the nonlinear bending of FG-CNTRC 
plates without and resting on elastic foundations and subjected to uniform pressure 
using the element-free kp-Ritz method based on the first order shear deformation plate 
theory (Lei, Liew, & Yu, 2013c; Zhang, Song, & Liew, 2015a). Heydari et al. (2015) 
studied the nonlinear bending of FG-CNTRC plates resting on an orthotropic 
temperature-dependent elastomeric medium and subjected to uniform pressure using 
the generalised differential quadrature method based on the first order shear 
deformation plate theory.  
 
Shen and Zhu (2010) studied the buckling and postbuckling behaviour of FG-CNTRC 
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plates with mid-plane symmetric CNT distribution of reinforcements based on a 
higher order shear deformation plate theory. This was due to the fact that the 
bifurcation buckling does not exist due to the stretching-bending coupling effect for 
the simply supported FG-CNTRC plates subjected to uniaxial or biaxial compression, 
like in the case of unsymmetric cross-ply laminated plates. Mehrabadi et al. (2012) 
calculated the buckling loads of simply supported FG-CNTRC plates with the 
symmetric profiles of the CNT volume fraction subjected to uniaxial and biaxial 
compression. Liew and his co-authors also calculated the buckling loads of the same 
FG-CNTRC plates without and resting on Winkler elastic foundations using the 
element-free kp-Ritz method (Lei, Liew, & Yu, 2013a; Lei, Zhang, & Liew, 2016; 
Zhang, Lei, & Liew, 2015b). Moreover, the postbuckling behaviour of FG-CNTRC 
plates with elastically restrained edges or resting on Pasternak elastic foundations was 
performed by Liew and his co-authors (Zhang & Liew, 2016; Zhang, Liew, & Reddy, 
2016). In these studies (Lei, Liew, & Yu, 2013a; Lei, Zhang, & Liew, 2016; Zhang, Lei, 
& Liew, 2015b; Zhang & Liew, 2016; Zhang, Liew, & Reddy, 2016), the formulations 
were based on the first order shear deformation plate theory (FSDPT).  
 
Recently, the effect of matrix cracks on the nonlinear bending, postbuckling, nonlinear 
free and forced vibration of hybrid laminated plates containing CNTRC layers resting 
on elastic foundations were studied (Fan & Wang, 2016a; Fan & Wang, 2016b). Yang 
and his co-authors presented the nonlinear bending, compressed postbuckling and 
dynamic instability analyses of functionally graded polymer nanocomposite beams 
reinforced with graphene platelets based on the Timoshenko beam theory (Feng, 
Kitipornchai, & Yang, 2017; Wu, Yang, & Kitipornchai, 2017; Yang, Wu, & 
Kitipornchai, 2017), and the linear free and forced vibrations of functionally graded 
polymer composite plates reinforced with graphene platelets (Song, Kitipornchai, & 
Yang, 2017). In their analysis, the graphene platelets were assumed to be uniformly 
dispersed and randomly oriented in the matrix. The weight fraction of graphene 
platelets was assumed to have a step variation in the thickness direction of the beam or 
plate.  
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2.5 Summary of literature review and current research gap 
Many of the computational mechanics studies for nanomaterials reviewed in the 
literatures focused on certain scale, as a result, the models proposed usually have to 
assume or derive certain key parameters, either directly from experiments or based on 
arbitrary discretions. As some of the envisioned FG-GRCs constructed by the LbL 
techniques are essentially very small, traditional material and structural experiment 
methods, such as indentation measurements, tensile experiments, three-point load tests, 
buckling tests etc. are used to handle much larger macroscale materials and thus are 
not suitable for FG-GRC. On the other hand, the fibre pullout, nano-indentation, 
micro-tensile, bulging, or buckling instability tests are difficult to implement and 
require dedicated equipment and sophisticated experimental procedure. In addition, 
FG-GRC have heterogeneous material properties, experiments on the material 
morphology characterisation also require a certain level of proficiency and specialty, 
both in human resources and experimental apparatus. 
 
For example, in the previous MD simulations, the simulation domain contained small 
size and random distributed nanofiller which may not be the case for the 
nanocomposites assembled using LbL technique. The classic Halpin-Tsai model 
usually assumed perfect bonding between filler and matrix where the reliability is 
under scrutiny when applied to the nanocomposites. As the inclusions are in the 
nanoscale, the material RVE for the nanocomposites will be much smaller than its 
counterparts which reinforced by micron sized fillers, and the nanofiller-matrix 
interfacial properties should be taken into account. In the previous studies, mostly the 
filler distribution, morphology and interphase details were specified beforehand 
which may not be able to simultaneously consider the morphology, nanofiller surface 
chemistries and processing conditions in the aforementioned AM techniques. To the 
author’s knowledge, there is no well accepted set of material properties of the 
FG-GRC that is available for the mechanical behaviour analysis of the macrostructure, 
for instance, elastic modulus under thermal conditions, thermal expansion coefficients 
etc. In addition, during the structural analysis, for nonsymmetric FGM structures, 
bifurcation buckling doesn’t exist, thus the finite element method usually obtain 
physically incorrect solutions for structures involving large deformations. There is no 
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comprehensive computational study to evaluate the nonlinear macroscale mechanical 
behaviours, such as nonlinear bending, thermal mechanical postbuckling or vibration 
of FG-GRC structures which could be assembled using aforementioned LbL 
techniques. 
 
With the rapid development of computer hardware and software, especially the high 
performance clusters (HPCs) and parallel computing algorithm, the computer 
simulation together with the analytical approach have become an alternative way to 
analyse various issues related to nanomaterials besides experiments. To address the 
current research gap, this research focuses on a hierarchical multiscale computational 
and analytical approach which specifically tailored for the FG-GRCs fabricated by the 
aforementioned AM techniques. It is hoped that this fundamental research work will 
address some critical but unresolved issues encountered in the FG-GRC mechanics, 
thus contributing to current knowledge in this emerging field.   
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CHAPTER 3 RESEARCH METHODOLOGY 
3.1 Introduction 
A hierarchical multiscale analysis approach is proposed in this study, in which 
effective parameter passing mechanisms are designed for evaluating the material 
properties and mechanical behaviours of FG-GRCs. Such novel integration can 
ensure that relevant parameters needed for accurate quantitative analysis at higher 
scales can be passed on via proposed message passing mechanisms from lower scales. 
As a result, compared with single scaled method, it is expected that more accurate 
results can be obtained. To be specific, the molecular dynamics (MD) approach is 
adopted to simulate the GRCs from a molecular prospective with atomic resolution, 
and such resolution is necessary in order to evaluate the behaviours and interactions 
of individual graphene filler and matrix molecules under mechanical or thermal 
loading. The material constants for FG-GRCs are calibrated using the extended rule 
of mixtures against the results from MD simulations and subsequently the structural 
behaviours of the FG-GRC beams can be calculated using continuum mechanics 
method. The morphological and mechanical properties of the envisioned 3D printed 
graphene reinforced nanocomposites are modelled and analysed by a carefully 
developed coarse-grained dissipative particle dynamics (DPD) simulation and finite 
element analysis (FEA). Some key parameters necessary for a meaningful FEA are 
obtained from the coarse-grained DPD simulation, while the coarse-grained DPD 
simulations utilise information and parameters obtained from the atomic scaled MD 
simulation. 
3.2 Theory of N-body simulation  
3.2.1 Atomic molecular dynamics (MD) simulation 
Molecular dynamics (MD) simulation is a computational method which represents the 
multiparticle systems dynamics (Garcia & Green, 2012). The intermolecular forces 
between the atoms are considered as the potential energies that are determined either 
experimentally or by ab initio calculation. By this means, the detailed quantum 
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mechanics between atoms can be reduced to simple forms and the motion of the 
molecules is governed by the Newton’s law. The theory of thermodynamics 
establishes relationships between various macroscopic properties, such as the state 
parameters like temperature, pressure or internal energy. The method of statistical 
mechanics correlates the macroscopic properties of the ensemble to the microscopic 
properties and the motion of particles that constitute the system. For example, the 
macroscopic parameter of pressure of a surface can be seen as the probabilistic statistic 
of constant bombardment of multiparticles on that surface. At equilibrium, the state 
parameters such as volume, temperature and pressure make small spontaneous 
fluctuations about their mean values. As the system becomes smaller, the fluctuation 
gets more violated, but when the system has considerable size and it’s reaching 
equilibrium, the mean values are time invariant and close to measurable quantities. 
 
There are two basic assumptions of the molecular dynamics simulation. One is the 
motion of particles is governed by the Newton’s law, and the other is interactions 
between the particles can be superimposed. After a simulated system is defined, the 
procedure of molecular dynamics is in the following steps: calculating the energy of 
the molecules, solving the force acting on each atoms, updating the position and 
velocity of every atoms, and then repeating the previous three steps until the defined 
maximum timesteps is reached. 
 
The potential energy expression depends on the force field, and the choice of force 
field will depend on the particular system that is being studied. The research of force 
field development has been carried out for many decades and many force fields exist 
for different purposes. Classical force field such as AMBER, CHARMM and 
GROMOS are developed for macromolecules. CVFF, PCFF and CFF are a family of 
force fields that designed for a range of organic compounds. Reactive many-body 
potential such as Tersoff and Brenner pairwise potential as well as the subsequent 
REBO and AIREBO have certain features of modelling of changes in the covalent 
bonding (Stuart, Tutein, & Harrison, 2000). For the above force fields, they both 
have unique advantages but also limitations. In this study, as the physical process 
instead of chemical reactions is concerned and a versatile force field is needed that 
can deal with different polymer substance in the condensed manner, therefore the 
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COMPASS force field (Condensed-phase Optimised Molecular Potentials for 
Atomistic Simulation Studies) was used for nanocomposites (Sun, 1998). For the 
accurate simulation of single layer graphene, the LCBOP was used because it is an 
appropriately parameterised mix of a short-range Brenner-like bond order potential 
and a long-range, radial potential (Los & Fasolino, 2003). 
3.2.2 Dissipative particle dynamics and coarse-graining 
Although the MD simulation is highly effective to simulate the interactions of the 
nanofiller and polymer at molecular level, constrained by current computational power, 
even using the high performance computer or parallel computer clusters, the 
achievable size of modelling is limited to about 0.1 μm, with temporal dimension 
limited to about several nanoseconds, and long computation times. Besides, in the MD 
simulation the structure configuration is trapped at a local minimum energy. 
 
The dissipative particle dynamics (DPD) is based on simulation of soft spheres 
(Hoogerbrugge & Koelman, 1992; Koelman & Hoogerbrugge, 1993). It is a 
stochastic simulation technique for simulating the dynamic and rheological 
properties of simple and complex fluids. The DPD can tackle hydrodynamic time and 
space scales beyond those available in MD simulations. DPD introduces the 
bead-spring type of particles and groups large cluster of atoms into coarse grains. In 
the mesoscale, the length and time scale can span several orders of magnitude 
comparing with nanoscale, which allows a much larger time-step than the commonly 
used MD simulation.  
 
The dissipative force has the form of the distance dependent weight function and it 
vanishes when the distance of two particles is larger than the cutoff radius. It also 
includes a random force chosen independently for each pair of interacting particle at 
each time-step. The thermostat of DPD is similar to the MD, such as the Nosé-Hoover 
thermostat. However it is a novel thermostatting method which preserves 
hydrodynamics in trying to evolve the system towards an ordered thermodynamic 
equilibrium state. It is considered as an effective way to understand dynamic and 
rheological behaviours of complex fluids (Groot & Madden, 1998; Groot & Rabone, 
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2001; Groot & Warren, 1997; Hoogerbrugge & Koelman, 1992; Moeendarbary, Ng, & 
Zangeneh, 2009). 
 
In order to bridge the atomistic scale and the mesoscale, DPD method is used to 
investigate the structure and morphology of the nanocomposite, which includes the 
structural evolution, the microphase structure and the phase separation. In the DPD 
simulation, the interfacial strength between beads which representing distinct 
chemical groups are governed by the repulsion parameter    , the repulsion parameter 
has been linked to the χ parameter in the Flory-Huggins theory (Groot & Warren, 1997) 
or alternatively directly mapping to the mixing energy. The energy of mixing can be 
calculated from MD simulation, for example, by calculating the energy of a mixture, 
and subtracting the energy of the individual components. The bead-spring bonding 
potential and three-body angular potential for each chemical group can also be 
extracted from MD simulation and mapped onto the bond and angle spring constants 
in DPD. The effect of shear flow on the dispersion and orientation of the naonfiller can 
be implemented using the Lees-Edwards sliding brick boundary conditions with the 
SLLOD equations of motion. 
3.2.3 Monte Carlo method 
The Monte Carlo (MC) method generates a series of microscopic states under a 
certain stochastic law, irrespective of the equation of motion of particles. In this study, 
the Rotational Isometic State (RIS) schemes have been adopted for the preparation of 
polymer melt samples. Chain molecules have been grown in the simulation box 
segment by segment in a Monte Carlo fashion, taking into account the interactions 
with all atoms already positioned while monitoring the single chain conformation 
(Binder, 1995).  
3.2.4 Equation of motion and time integration 
The equation of motion follows the Newton’s equation, 
        
              
   
    (3.1) 
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where    is the mass of atom i,    is the position vector and    is the force 
vector,   is the total energy. 
 
The second-order differential term in Eq. (3.1) can be expand in Taylor series, 
assuming   is the variable, 
              
  
  
   
 
           (3.2) 
where         is the  th derivative with respect to  , therefore for the positive and 
negative infinitesimal increments, neglecting the higher than    terms, the 
expressions of Taylor series take the forms as follows, 
              
     
  
 
 
 
  
   
   
    (3.3) 
              
     
  
 
 
 
  
   
   
   
  (3.4) 
 
If replacing the increments h with time-step increments   , and using the position 
and force vector notation    and    as in Eq. (3.1), then solving Eq. (3.3) and Eq. 
(3.4), we obtain the Verlet algorithm as follows, where       is the velocity vector 
(Liu, 2006) 
                           
      
  
               (3.5) 
       
   
  
 
                 
   
          (3.6) 
3.2.5 Statistical ensembles and thermal dynamics  
Statistical mechanics is a theory of multiparticle systems that utilizes statistical 
methods. The method of statistical mechanics considers the trajectories of atoms and 
molecules which are comprised of the selected system in the statistical way, and 
calculates the minimal set of state parameters for comprehensive thermodynamics 
analysis.  
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According to the Liouville theorem, the swarm of the representative phase point 
moves in the phase space is in analogy to the motion of an incompressible fluid 
moving in the physical space. The phase volume remains unchanged during the time 
evolution of the system (Pathria, 1996). The generalised coordinates are defined as 
           and generalised momentum coordinates are denoted as           , F 
is a physical parameter of the different microstates and        is the statistical 
weight function of each microstate. The ensemble average of this parameter is given 
by the integration of the phase space (Liu, 2006), 
                     (3.7) 
 
For a system composed of a large number N of identical particles, ensemble average 
of parameters associated with the kinetic motion or interaction of the particles can be 
approximated as follows, 
     
 
  
         
  
   
     (3.8) 
 
The time average value of the parameter F is evaluated as 
    
 
 
             
 
 
   (3.9) 
 
The ergodic hypothesis states that in thermal equilibrium, the limit of the time 
average    for     equals to the ensemble average    . 
 
Some physical quantity examples such as temperature and pressure in the 
Maxwell-Boltzmann distribution can be derived using the above equations as, 
   
 
  
     
 
    
     
 
  
   
 (3.10) 
where    is the Boltzmann constant,    is the mean kinetic energy,   is the 
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number of particles,    and    are the mass and velocity of the jth particle, 
respectively. 
 
The pressure created by N ideal gas particles of mass m confined in volume V is, 
    
  
 
   
   (3.11) 
where    is the x-axis projection of velocity of a particle. If the statistical 
distribution is known for a system of interest, all the equilibrium macroscopic 
parameters can be computed by utilizing only the overall structure of the system 
Hamiltonian (Liu, 2006). Two standard types of ergodic systems are microcanonical 
(NVE) and the canonical (NVT) ensembles, and another useful one is the 
isothermal–isobaric ensemble (NPT). 
 
In the above NVT or NPT ensembles, in order to maintain the temperature of the 
system, the numerical heat bath technique is used to provide or remove heat in the 
course of time. The Berendsen thermostat (Berendsen et al., 1984) and the 
Nosé-Hoover thermostat (Hoover, 1985; Nose, 1984) are the two extensively used 
thermal bath techniques. 
 
The law of thermodynamics establishes relationships between various macroscopic 
properties of the bulk material, which divided into two major groups, state 
parameters and system parameters. State parameters are assigned to characterize the 
current physical state of the system such as volume, temperature or pressure. The 
system parameters such as mass, the total particle number or heat capacity describe 
the intrinsic properties of the system. At thermodynamics equilibrium, the 
macroscopic parameters can be evaluated by thermodynamics state equations or the 
thermodynamics state functions, which are governed by the law of thermodynamics. 
The import abstract potentials are as follows (Liu, 2006), 
internal energy 
                     , (3.12) 
enthalpy 
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                          , (3.13) 
free energy 
                            , (3.14) 
gibbs potential 
                           , (3.15) 
where S, V, T, and P represent entropy, volume, temperature and pressure, 
respectively. 
3.2.6 Periodical boundary conditions, cutoffs and parallel computing 
The use of periodic boundary condition (PBC) enables one to treat only a relatively 
small system in order to obtain reasonable results for a large system comprised of 
infinite repeating of typical small systems. As shown in Figure 3.2.1, the central 
square is the simulated region and the surrounding squares are virtual simulation boxes. 
The outgoing particles in the central square crossing the boundary will emerge from 
the boundary of its opposite direction. The interaction energies or force at the 
boundary of the simulation box will be calculated between the real simulated particles 
and the virtual particles.  
 
Many particle-particle potentials are short ranged, such as the pairwise LJ potential, 
where the potential energy between particles rapidly decreases with the separation 
over a distance. Therefore, when the distance between the particles is over a certain 
range, the interaction between the particles can be ignored. It is convenient and 
computationally efficient to only consider the neighbouring particles within a chosen 
cutoff distance     , as shown in Figure 3.2.1. The Verlet neighbouring list method is 
one of its kind.  
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Figure 3.2.1 Periodic boundary condition and cutoff distance (Alex S. Côté, Bill 
Smith, & Lindan, 2001) 
 
In the parallel computing environment, the simulation domain is decomposed based on 
the spatial decomposition technique. Each subdomain is assigned to a CPU, either 
statically or dynamically. In each CPU, two sets of information have been maintained. 
One is the information of the local atoms, such as location, velocity and acceleration, 
and the other is the information of the adjacent CPU domain which contains the 
position information of the particles in that domain. The information exchange is 
realised through message passing interface. 
3.3 Continuum mechanics method 
3.3.1 Micromechanics 
A number of micromechanics models that have been proposed for the determination of 
the effective properties of GRCs based on the Halpin-Tsai model and the Voigt model 
(rule of mixture). However, similar to the cases for CNTRCs, the load transferring 
between the graphene and polymeric phases is less than perfect (e.g., the surface 
effects, strain gradients effects, intermolecular coupled stress effects, etc.) (Kim et al., 
2009). Researchers have identified that the classical Halpin-Tsai model as well as the 
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Voigt model cannot predict the effective material properties of GRCs exactly 
(Shokrieh & Moshrefzadeh-Sani, 2016; Wan & Chen, 2012). On the other hand, it is 
well known that the higher temperature and moisture will reduce the elastic moduli 
and degrade the strength of the fibre reinforced polymer composites. The effect of 
environment on the material properties cannot be predicted correctly using the classic 
Halpin-Tsai model either. Therefore, modifications are required for both Halpin-Tsai 
model and Voigt model in nanoscale (Shadlou, Ahmadi-Moghadam, & Taheri, 2014; 
Shokrieh & Joneidi, 2015). To account for these effects, the graphene efficiency 
parameters    (j = 1, 2, 3) are introduced for the material properties of GRCs. The 
values of    are determined by matching the elastic modulus of GRCs obtained from 
the MD simulation with the numerical results predicted by the extended Halpin-Tsai 
model (Shen, 2009). 
 
For the FG-GRC assembled using the LbL technique, the materials are essentially 
orthotropic and heterogeneous along the cross section of the structures. Unlike the 
isotropic homogenous counterparts, the bending – extension – twisting coupling 
effects become a major issue. As most structural elements made of such type of 
material are thin-walled structures, plane stress state assumption is valid for such 
structural elements, and the order of the stiffness matrix can be reduced accordingly. 
According to the law of conservation of energy, thermal strains can be introduced to 
the constitutive equations which connect the temperature field with the stress and 
strain. The thermal expansion coefficients of the graphene filler is also a function of 
temperature and are determined via MD simulation. 
3.3.2 Representative volume element (RVE) 
Under the influence of molecular forces, graphene embedded in a polymer matrix 
often exhibits local waviness and crumpled morphology. Besides, the volume fraction, 
dispersion, surface chemistry and orientation of the nanofiller will all have influences 
on the microstructure of the 3D printed FG-GRCs. As mentioned in the literature 
review in section 2.4, the nanofibre-polymer interaction model should have 
multiphases. The equivalent multiphases continuum mechanics model is adopted in 
the current study so that the interfacial model contains three phases, namely the 
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equivalent fibre phase, the fibre-matrix interfacial phase and the average bulk matrix 
phase. After obtaining the beads distribution from the DPD simulations, the fixed grid 
mapping technique is adopted so that the bead positions and types are converted into 
concentration fields and mapped onto the FEM grid of homogeneous volume elements 
(Du et al., 2015). Details of the phase parameters are obtained from the MD simulation 
or experiments and equivalent to the continuum mechanics model. 
 
After the construction of material RVE, similar to the DPD simulations, periodical 
boundary conditions are implemented in the FE model. A small normal strain 
perturbation is applied on the face of the RVE for normal stiffness components 
calculation as well as shear strain perturbation for shear stiffness evaluation. A 
displacement based solver is used to find iteratively a set of nodal displacements that 
minimize the total potential strain energy of the system (Wang et al., 2016c). The local 
strain in each element can then be determined, and the average stress can be evaluated. 
In order to obtain the overall material modulus, the effective elastic stiffness matrix is 
calculated using simple Hooke’s law and the theory of homogenisation (Asgari et al., 
2009). 
3.3.3 Higher order shear deformation theory  
For the structural analysis of laminated composites, the transverse shear effects and 
rotary inertia cannot be neglected due to the shear moduli mismatch of each laminar 
layer as well as weak transverse shear moduli relative to the in-plane Young’s moduli. 
One of the popular laminated plate theories is the first order shear deformation theory 
which assumes that the mid-plane normal remains straight. This assumption leads to a 
constant transverse shear strain distribution along the thickness of the structure which 
is required to be amended using the shear correction factors (Mindlin, 1951; 
Timoshenko & Gere, 1961; Timoshenko & Woinowsky-Krieger, 1959). For 
homogenous and isotropic beams, the value of shear correction factors may take the 
values of 5/6 and π /12 or be a function of the Poisson ratio. However, these values 
may not be appropriate for the FG-GRCs as the material properties vary through the 
thickness of structures, which is difficult to assess for composite materials. Reddy 
(2004) developed a simple higher order shear deformation plate theory. This theory 
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assumes that the transverse shear strains are parabolically distributed across the plate 
thickness. The advantages of this theory over the first-order shear deformation theory 
are that the number of independent unknowns is the same as in the first-order shear 
deformation theory, but no shear correction factors are required, and better solution 
can be obtained kinematically at the expense of computational cost. Therefore the 
Reddy’s third order shear deformation theory is adopted in this study. 
3.3.4 von Kármán type nonlinear motion equation 
Many of the envisioned FG-GRC structures are designed to be compliant and may 
undergo relatively large rotations and deflections under working conditions. 
Mid-plane stretching, rotary inertia effect and curvature nonlinearities can contribute 
to the response of a beam or plate which undergoes large displacement and rotation 
(Mohammad, 2011). Such beams and plates can usually be encountered in the MEMS 
devices as well as civil, aviation or marine engineering applications. If the rotations of 
the transverse normals are moderate for example, between 10° and 15°, the linear 
strain-displacement relations are no longer valid. Under the framework of classical 
theory, the von Kármán strains take into account geometric nonlinearities which 
involve large deflections and rotations in the elastic vibration state (small strain with 
modest rotations and deflections). Similarly, in the first order and third order shear 
deformation theory, the geometric nonlinear strains of the von Kármán sense can be 
used to reflect the geometric nonlinearity. 
 
The principle of conservation of linear momentum and Newton’s second law defines 
the governing equations for beams and plates. Variational method or energy based 
method can also be used to obtain weak forms of the governing equations, then the 
Euler-Lagrange equations are derived by integration. The independent unknowns can 
be the generalised displacements, however it have been pointed out by Shen (1997) 
that it will lose accuracy when the mixed boundary value problems are considered. For 
example, the combination of moveable or immovable edges is usually encountered in 
the engineering applications. Based on Reddy’s third order shear deformation theory 
and von Kármán type kinematic nonlinearity, Shen (1997) derived a set of general 
equations which are expressed in terms of a stress function, two rotations and a 
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transverse displacement, along with the initial geometric imperfection and thermal 
effects. These generalised equations are adopted in the current study. 
3.3.5 Two step perturbation method 
Approximate analytical methods such as the Ritz or Galerkin methods are highly 
accurate. Local methods such as the finite element method are more flexible in 
handling complex geometries, boundary conditions and internal supports by 
discretising the problem region into local domains. However, the finite element 
methods can be computationally very expensive, especially for multiphysics, 
nonlinear, and time-dependent problems, such as those commonly encountered in the 
FG-GRC structures. In addition, the finite element method may give physically 
incorrect solutions that are inconsistent with the prebuckled state for the FG-GRC 
structures. 
 
Perturbation method is an approximate analytical method for solving nonlinear 
systems. The nonlinear solution can be obtained by decomposing the small 
perturbation parameter into power series. Shen (2013) extended the classic 
perturbation method into a two-step perturbation technique and applied it to analyse 
postbuckling, nonlinear bending and vibration of structures. In this study, the two-step 
perturbation method is adopted to study the nonlinear structural behaviours such as 
nonlinear vibration, bending, buckling and postbuckling of FG-GRC beams.   
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CHAPTER 4 MONOLAYER GRAPHENE EMBEDDED 
IN THE MATRIX UNDER COMPRESSION 
4.1 Introduction 
The interaction between graphene and the surrounding matrix dictates the 
performance of graphene based devices. For example, the wrinkling or delamination 
of graphene caused by large mechanical compressive strain induced by fabrication or 
working conditions can disrupt local electronic structure of pristine graphene, which 
leads to the function degradation of such devices. Therefore, it is important to 
understand the interaction mechanism between the graphene and the surrounding 
matrix. It is reported atomically flat substrates have been fabricated, such as Au (111) 
supported on Poly (dimethylsiloxane) (PDMS) (Atmaja, Frommer, & Scott, 2006) or 
on single-crystal mica sheets (Chai & Klein, 2007). Several cost effective methods 
have also been developed, such as the fame-annealed template stripped Au(111) 
substrate (Banner, Richter, & Pinkhassik, 2009) and Ni(111) substrate (Tanaka & 
Taniguchi, 2016). The ultra-smoothed substrates have the root mean square (RMS) 
surface roughness of around 0.2 nm, which are crucial for high quality graphene 
growth and self-assembly as well as its applications (Yang et al., 2016). 
 
To understand the fundamental interaction between graphene and the surrounding 
matrix, pristine graphene was used in recent mechanical experimental studies. Wang et 
al. (2011b) reported the buckling behaviour of graphene rested on prestrained 
elastomeric substrates. They observed that nanoscale periodical buckling waves in 
graphene were formed after the prestrain of the substrate was released. By comparing 
with compression buckling of free standing graphene in the air, more waves with 
smaller wavelengths were observed (Wang et al., 2011b). Using a cantilever beam test 
setup, the mechanical behaviour of graphene flakes sandwiched in the polymer matrix 
under uniaxial compression was examined by Frank et al. (2010). Later on, 
Androulidakis et al. (2014) reported the failure processes of monolayer graphene 
embedded in polymer matrix under uniaxial compression using a four point bending 
setup. In the aforementioned two experiments, the onset of buckling of graphene was 
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detected by the shifting of Raman spectra of the 2D peak. Both studies concluded that 
buckling first occurred at the compressive strain with a mean value of -0.6%, and was 
independent of the flake geometry. Owing to constraint from the surrounding matrix, 
the buckling amplitude and wavelength in their experiments (Androulidakis et al., 
2014; Frank et al., 2010) were even smaller than the ones rested on the substrate as 
previously reported (Wang et al., 2011b). However, as the graphene flakes were 
embedded in the polymer matrix, both the buckling waves and amplitudes could not be 
observed directly through the microscope but derived based on an analytical 
framework (Androulidakis et al., 2014; Frank et al., 2010). Jiang and his colleagues 
experimentally studied the interfacial failure mechanisms for graphene on 
polyethylene terephthalate (PET) substrate (Jiang, Huang, & Zhu, 2014). The shear 
sliding under tension and buckling under compression were identified using in-site 
Raman and atomic force microscopy (AFM) measurements. They concluded that the 
maximum strain could be transferred to graphene ranging from 1.2% to 1.6% 
depending on the interfacial shear strength and the graphene size. The critical 
compressive strain was around -0.7% which also agreed with the previous studies 
(Androulidakis et al., 2014; Frank et al., 2010). 
 
In this chapter, the MD simulation is adopted to investigate the buckling behaviour of 
monolayer pristine graphene embedded in the matrix under uniaxial compressive 
strain. Two MD models are built. The first model is a hybrid MD/continuum 
nanomechanics model in which the interactions from the surrounding matrix are 
modelled as Winkler foundation in the analytical form, thus mimic the graphene 
sandwiched in the aforementioned smooth substrates. The second model is a full MD 
model where the polymer molecules as well as the graphene are modelled as discrete 
atoms. The critical buckling strain, amplitude and wave length at the onset of 
compressive buckling of the embedded graphene are obtained from the simulation and 
are compared with existing experimental results. The buckling shapes of graphene 
with different aspect ratios are also presented. 
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4.2 Buckling of graphene sandwiched in smooth substrate under 
compressive strain 
The Software used for simulation is Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) (Plimpton, 1995). The COMPASS force field is adopted in the 
current MD simulations. 
 
The energy terms of COMPASS can be expressed as follows (Sun, 1998), 
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in which the valence terms represent internal coordinates of bond    , angle    , 
torsion angle    , and out-of-plane angle    , and the cross-coupling terms include 
combinations of two or three internal coordinates. The LJ-9-6 parameters     
  and     
follow the sixth order combination law as follows (Sun, 1998), 
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and the partial charge   for atom i is the sum of all charge bond increments     
 
       
 
 
(4.7) 
In this model, the monolayer graphene is modelled as the collection of discrete sp
2
 
carbon atoms, which are sandwiched between the top and bottom substrates. The 
substrates stiffness is evaluated using the equivalent Winkler foundation approach. In 
order to match with the experiment results, the foundation spring constants which 
describe the interaction between the carbon atoms in the graphene sheet and the 
substrate are the same as the estimated stiffness listed in the reference (Androulidakis 
et al., 2014). The foundation support is evenly distributed to each carbon atom of 
graphene so that each carbon atom experiences the same vertical foundation support. 
 
As shown in Figure 4.2.1, three cases with different slenderness ratios are 
constructed as follows:  
a) Case 1: the size of graphene is 195.7(L) x 37.7(W) Å and the matrix stiffness is 
9.36 GPa/nm; 
b) Case 2: the size of graphene is 195.7(L) x 125.7(W) Å and the matrix stiffness is 
6.07 GPa/nm; and 
c) Case 3: the size of graphene is 195.7(L) x 197.0(W) Å and the matrix stiffness is 
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6.72 GPa/nm 
 
Figure 4.2.1 Graphene model with different slenderness ratio L/W for MD simulations 
 
As the size of the current model is still far smaller than the size of graphene flakes in 
the experiments reported in references (Androulidakis et al., 2014; Frank et al., 2010), 
periodical boundary conditions in graphene length and width directions are adopted to 
mimic the real situation of large flake. The compressive strain loading direction is 
along the length direction, which is the same as in the experiments and the graphene is 
free to relax along the width direction. The amplitude of strain is applied in a similar 
fashion as in the experiments, which is an incremental step of about -0.05% 
compressive strain, and then the system is allowed to have enough relaxation time 
before the next incremental compressive strain is superimposed. 
 
From the hybrid MD/continuum nanomechanics model, the potential energy of 
graphene and coordinates of carbon atoms of each compressive strain cycle are output 
from the computation. Figure 4.2.2 shows the graphene potential energy variation 
under the compressive strain for Case 1. The potential energy increases almost linearly 
from beginning to -0.6% strain and the rate of change for potential energy decreases 
after -0.6% strain then increases after -0.7% strain which indicates onset of buckling. 
The potential energy drops after -0.8% and then increases again, which indicates the 
energy release and buckling. Figure 4.2.3 shows the amplitude contour map of the 
graphene in Case 1 at -0.8% strain. It can be seen that the graphene buckles into 
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periodical regular waves, with a high half wave number, which is in agreement with 
the experimental observations as reported by Wang et al. (2011b). It is also observed 
that because the graphene is sandwiched into the matrix, the amplitudes of the 
buckling waves of graphene are in the sub-atomic scale. From the amplitude contour 
map (Figure 4.2.3), it is observed that there are around 18 half waves with average half 
wave length of 1.08 nm. The amplitude of the buckling wave for the graphene at -0.8% 
strain is around 0.40 Å = 0.04 nm.  
 
 
Figure 4.2.2 Variation of graphene potential energy with respect to compression strain 
for Case 1 
 
 
a) 
 
b) 
Figure 4.2.3 Height contour map of graphene buckling shape at strain of -0.8% for 
Case 1, a) top view of the buckling strips b) side view of the buckling strips with 5x 
amplification of amplitudes 
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Similar results can be observed in Case 2 and Case 3. The potential energy of both 
cases reaches a plateau at approximately -0.7% to -0.8% strains, as can be seen from 
Figure 4.2.4 and Figure 4.2.6. Figure 4.2.5 presents the amplitude contour map of Case 
2 at -0.8% strain. At the central left region, two buckling waves are mixed with each 
other and there are 17 half waves along the loading direction with each half 
wavelength being approximately 1.14 nm. The amplitude of the buckling wave is 
found to be 0.64 Å = 0.064 nm. Figure 4.2.7 shows the amplitude contour map of Case 
3 at -0.8% strain. 17 to 18 half waves can be observed along the loading direction. The 
half wavelength is approximately 1.14 nm and the buckling wave amplitude is 0.59 Å 
= 0.059 nm. For clarity, the amplitudes of the side view buckling strips in Figure 
4.2.3b, Figure 4.2.5b and Figure 4.2.7b are amplified by five times. 
 
 
Figure 4.2.4 Variation of graphene potential with respect to compression strain for 
Case 2 
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a) 
 
b) 
Figure 4.2.5 Height contour map of graphene buckling shape at strain of -0.8% for 
Case 2  a) top view of the buckling strips b) side view of the buckling strips with 5x 
amplification of amplitudes 
 
 
Figure 4.2.6 Variation of graphene potential with respect to compression strain for 
Case 3 
0
100
200
300
400
500
600
700
0 0.2 0.4 0.6 0.8 1 1.2
G
ra
p
h
e
n
e
 p
o
te
n
ti
al
 e
n
e
rg
y 
ch
an
ge
 (
K
ca
l/
m
o
le
) 
Compression strain (%)
61 
 
 
 
 
 
a) 
 
b) 
Figure 4.2.7 Height contour map of graphene buckling shape at strain of -0.8% for 
Case 3  a) top view of the buckling strips b) side view of the buckling strips with 5x 
amplification of amplitudes 
 
 
Table 4.2.1 extracts the experimental and analytical results (Androulidakis et al., 2014) 
of the compression buckling of the graphene sheet embedded in the matrix, and 
compares them with the results obtained from the current simulations. It can be seen 
that the results of this study agree reasonably well with the experimental results. From 
62 
 
the experimental and analytical results as well as current simulation results, it can also 
be seen that the buckling half wavelength decreases with increasing surrounding 
matrix stiffness. The slight discrepancies between the current simulation and the 
experiment results may be caused by the differences between the experimental setup 
and the simulation parameters. For example, in the experiment, the beam is first flexed 
in tension so as to reach zero strain in graphene and then the Raman spectra are 
recorded after every increment of the strain. This process is not performed in the MD 
simulations. 
 
Table 4.2.1 Critical strains, half wavelengths and amplitudes for buckling and the 
geometry of the graphene specimen from experiment and the current simulations 
L/W 
matrix 
stiffness 
(GPa/nm) 
Critical(graphene) 
strain (%) 
Half-wave 
length (nm) 
Estimated 
buckling 
amplitude 
(Å) 
(Androulidakis et al., 2014) 
30/6 9.36 -0.71 1.12 0.61 
22/14 6.07 -0.58 1.26 0.61 
28/23 6.72 -0.61 1.22 0.61 
Current simulation 
195.7/37. 7 9.36 -0.8 1.08 0.40 
195.7/125.7 6.07 -0.8 1.14 0.64 
195.7/197.0 6.72 -0.8 1.14 0.59 
4.3 Buckling of graphene embedded in PMMA matrix 
The second model is a full MD model where the polymer molecules are also modelled 
as discrete atoms. Although it is noticed that in the experiment setup (Androulidakis et 
al., 2014), a 200 nm thick layer of SU8 photoresist was on the lower foundation of the 
PMMA. In this simulation, the SU8 layer is not simulated but instead the graphene is 
sandwiched between the PMMA layers since the SU8 has a similar mechanical 
property as the PMMA. The isotactic PMMA (with 30 monomers comprises carbon, 
oxygen and hydrogen atoms) is built and filled on the top and bottom of the graphene 
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in a Monte Carlo fashion until it reaches the required density using the Amorphous 
Cell module of Materials Studio. The stiffness and support of the foundation are 
reflected by the nonbond LJ-9-6 potential, which is also dependent on the density of 
the matrix. As shown in Figure 4.3.1, the PMMA/graphene/PMMA composite is built 
under the periodical boundary conditions in three directions with length (L) and width 
(W) of 103x21 angstrom. For clarity, graphene embedded in the PMMA matrix is 
highlighted in golden colour (refer to the colour version of the thesis). Due to 
periodical boundary conditions, the carbon atoms on the left edge of graphene are 
bonded to the right edge, and the upper edge of graphene are bonded to the lower edge. 
Such arrangement effectively makes the modelled graphene an intact platelet without 
carbon atoms overlapping. At equilibrium state under 1 atmosphere pressure and at 
temperature of 300 K, the average density of the composite at the snapshot in Figure 
4.3.1 is 1.168g/cm
3
. Again, the compressive strain is applied in the same fashion as 
mentioned previously. However, as there are more atoms in the current model, the 
system requires a much longer time to relax between each compressive strain cycle. As 
shown in Figure 4.3.1, from the model in equilibrium state before the strain is applied, 
it can be seen that there exists a van der Waals gap between the graphene and PMMA 
molecules. This illustrates that pristine graphene and PMMA do not chemically 
interact and the interfacial forces between untreated graphene and PMMA are 
nonbond van der Waals forces. 
 
Figure 4.3.1 Full MD model of PMMA/graphene/PMMA composite – side view. 
 
Figure 4.3.2 shows a snapshot of the full MD model of graphene sheet embedded in 
the PMMA matrix at -0.65% strain. Approximately 4.8-5 full waves can be observed 
with the half wavelength being about 1.07 nm. The measured amplitude of the 
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graphene is 0.84 Å. Comparing the results from this full MD model with the 
experimental results (Androulidakis et al., 2014; Frank et al., 2010) and the hybrid 
model in Section 4.2, a reasonably good agreement is observed between the buckling 
strain, amplitude and half wavelength.  
 
Extra two cases are built, with the aspect ratios the same as the cases in Section 4.2. 
They are full model Case 2: length (L) x width (W) of 103 x 65.5 Å and full model 
Case 3: length (L) x width (W) of 103 x 84.6 Å. From the MD simulation, it is 
observed due to the roughness of the PMMA surface, the clear buckling strip along the 
width of the graphene cannot be observed for both Case 2 and 3. Instead, with the 
decrease of the aspect ratio, the graphene exhibits wave like surface in both directions 
under uniaxial compressive strain. 
 
Figure 4.3.2 Buckling of embedded graphene sheet in PMMA at -0.65% strain. 
 
4.4 Summary 
The buckling behaviour of a monolayer pristine graphene embedded in the matrix 
under uniaxial compressive strain is studied using the MD approach and compared 
with the existing experimental and analytical results. Two types of model are built, 
namely the hybrid MD/continuum nanomechanics model and the full MD model of 
graphene embedded in the polymers. The critical buckling strain is observed 
corresponding to the potential energy release of the graphene in the first model. The 
amplitude and half wavelength as well as buckling shape of graphene at the onset of 
buckling have been obtained from the MD simulations and presented in graphical form. 
The results from both models match reasonably well with the existing experimental 
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and analytical results, thereby validating the two proposed modelling approaches for 
studying the mechanical behaviour of graphene embedded in the matrix.  
 
The purposes of this chapter are twofold. Firstly, the carefully conducted computer 
simulations are able to provide greater insights such as the bucking amplitude or 
interactions between nanofillers and matrix which are difficult to observe in the 
nanoscale experiments. The behaviour of graphene which embedded in smooth but 
low adhesive substrates or less smooth but high adhesive substrates under mechanical 
loading are of great concerns for the NEMS or strain sensor applications. Secondly, 
upon validation with the experimental results, the developed full MD model will serve 
as an entry model and template for the MD simulations in the subsequent Chapter 5 to 
analyse the LbL assembled nanocomposite systems with predominately planar aligned 
graphene nanofillers. 
 
 
  
66 
 
CHAPTER 5 GRAPHENE/PMMA NANOCOMPOSITES 
UNDER MICRO BULGING SIMULATION 
5.1 Introduction 
Graphene has similar carbon bonding type with CNT which endows them similar 
mechanical properties. However, it is noted that due to its one dimensional tube like 
structure, CNT has larger bending stiffness and less surface wrinkles than graphene. It 
also has hollow inaccessible interior surface once embedded into the compliant 
polymer matrix, while the wrinkled graphene surface interacts with polymer matrix on 
both sides. As a result, the more intimate contact between graphene and matrix 
molecules may facilitate better stress transfer. The differences of mechanical 
properties enhancements by graphene and CNT have been confirmed by (Li et al., 
2018) via MD simulation, and it was concluded that at the same nanofiller fraction, 
small graphene nanosheet reinforced PMMA nanocomposites could provide 18% 
higher in Young's modulus, 8.7% higher in tensile strength and 5% higher in surface 
crack energy than the ones reinforced by small SWCNT particles. As graphene is 
much more compliant than CNT in terms of bending rigidity, it is optimal to have the 
graphene nanofiller planarly aligned in the loading direction in order to take advantage 
of its excellent in-plane mechanical properties. 
 
As mentioned in the previous sections, the layer-by-layer (LbL) assembly technique 
has been employed to assemble structural layers made of polymer and graphene oxide 
in diverse dimensions. The reduction of graphene oxide sheets in LbL film can be later 
attained to restore the unique properties of graphene, while keeping the structure of 
polymer counterparts intact (Lee et al., 2015). Despite much simulation efforts being 
made to study the mechanical properties of graphene based polymer nanocomposites, 
the previous studies mostly focused on the small graphene/graphene oxide platelet 
reinforcement, localised interface study, or random distribution of the nanofiller (Jang, 
Jeong, & Kim, 2009; Khezerlou & Tahmasebipour, 2014; Rahman & Haque, 2013; 
Roussou & Karatasos, 2016; Shiu & Tsai, 2014; Vadukumpully et al., 2011; Zhang et 
al., 2014; Zhao et al., 2010a). However, there are no comprehensive studies of 
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temperature dependent mechanical properties of the graphene reinforced 
nanocomposites made by LbL techniques. The current chapter aims to provide a set of 
mechanical properties of the nanocomposites which can be used for evaluating the 
mechanical reinforcing efficiency of the graphene.  
5.2 MD simulation of mechanical properties of graphene/PMMA 
nanocomposites 
Pristine graphene is used in the current MD model as it was reported that pristine 
graphene had better mechanical properties than those of functionalised graphene or 
defective graphene which had been subjected to chemical treatment (Ansari, Ajori, & 
Motevalli, 2012; Ansari, Mirnezhad, & Rouhi, 2015; Ansari et al., 2011). As a 
characteristic of LbL assembly, the single layer graphene can have large dimensions as 
well as planar orientation which are assumed to be fully exfoliated in the PMMA 
matrix. High graphene weight fractions are attempted in the current model, provided 
that polymer chains with lower molecular weight and radius of gyration are infiltrated 
between graphene surfaces, which reduce certain polymer chain mobility due to the 
confinement of graphene sheets.(Li et al., 2018; Zakaria et al., 2017) 
 
Same as the previous study in Section 4.3, COMPASS force field (i.e., Class2 in 
LAMMPS) is used as it is proved to be effective and accurate in handling polymer 
subjects in condensed manner (Sun, 1998). Different from Section 4.3 in which the 
isotactic PMMA model is used, in this study, atactic PMMA polymer chain with 30 
monomers is modelled as shown in Figure 5.2.1. The rest of model building is similar 
to the ones in Section 4.3 using Materials Studio. Nanocomposites with different 
graphene volume fractions are built. For example, Figure 5.2.2 shows 
graphene/PMMA systems of a) 3% graphene volume fraction and b) 11% graphene 
volume fraction. The volume fraction of graphene-based polymer composite is 
calculated using the relationship between weight fractions and volume fractions 
(Rafiee et al., 2009) 
    
  
                    
 (5.1) 
where    is the mass fraction of graphene, and  
  and    are the densities of 
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monolayer graphene and matrix, respectively. For example, for composite with the 
total number of atoms being 59524 and graphene weight fraction 8.8%, taking    = 
4118 kg/m
3 
(see Section 5.3 for more details) and    = 1150 kg/m3 (Han & Elliott, 
2007), from Eq. (5.1) the graphene volume fraction is calculated to be    = 3%. After 
constructing the simulation cells with different graphene weight fractions, the molar 
masses of the graphene as well as the PMMA molecules in the simulation cell are 
calculated and the corresponding graphene weight fractions can be readily obtained. 
The calculated graphene volume fractions with respect to the graphene weight 
fractions in the composite are listed in Table 5.2.1. The bilayer thicknesses for the 
graphene/PMMA systems are calculated to be 8.16nm, 4.66nm, 3.27nm, 2.51nm and 
2.04nm correspond to graphene weight fraction of 8.8%, 14.9%, 20.4%, 25.7% and 
30.9%, respectively. 
 
Figure 5.2.1 Atactic PMMA polymer chain with 30 monomers as matrix material 
coloured by elements. i.e., atoms with red, light grey and dark grey colors are oxygen 
atoms, hydrogen atoms and carbon atoms, respectively. 
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(a) 
 
(b) 
Figure 5.2.2 Graphene/PMMA systems: (a) 3% graphene volume fraction; (b) 11% 
graphene volume fraction. 
 
Table 5.2.1 Graphene weight fractions and corresponding volume fractions. 
Graphene  
weight fraction (wt%) 
Corresponding graphene  
volume fraction 0.05 (vl%) 
8.8  3 
14.9  5 
20.4  7 
25.7  9 
30.9  11 
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After constructing the initial model, energy minimization is first performed using a 
combination of conjugate gradient and steepest descent methods. In order to alleviate 
the close contact of atoms, the model is first subjected to canonical ensemble (NVT) 
dynamics runs under different time steps until the temperature reaches the value close 
to but around 100 K-200 K higher than the desired temperature. The model is then 
undergone isothermal-isobaric (NPT) ensemble dynamics runs until the pressure of 1 
atmosphere in all three dimensions of the simulation cell is achieved. The 
Nosé-Hoover thermostat and barostat is used respectively for temperature and 
pressure control, and the Verlet algorithm is used for time integration. It is noted that 
because of the pressure variation, there is a slight height change of the simulation cell, 
which in turn changes the graphene volume fraction. However the height variation is 
within 0.1% and can be neglected.  
 
It is conventionally perceived that the glass transition temperature (Tg) of commercial 
grade PMMA is from 358 K to 438 K or from 85 °C to 165 °C. However, in the current 
study, the sampling temperature was assumed to be 300 K, 400 K and 500 K for the 
nanocomposites. The highest temperature for the nanocomposites was set to be 500 K 
or 227 °C based on the following two reasons. Firstly, the Tg is increased when 
reinforcing graphene is added in the PMMA matrix. Sheng et al. (2015b) reported that 
the Tg of the graphene/PMMA nanocomposites fabricated using melt blending method 
could be increased by 7.5 °C at 1.5 wt% of graphene content, while Tripathi, Malik, 
and Choudhary (2015) showed that the Tg of nanocomposites could be increased by 
20 °C at 2.0 wt% of graphene content. A strong polymer-graphene interaction can 
contribute more to the rise of Tg. For example, with only 0.05 wt% functionalised 
graphene sheet, the Tg of the PMMA nanocomposites was raised by 30 °C 
(Ramanathan et al., 2008). Molecular dynamics simulation indicated that, the strong 
substrate-polymer interaction significantly restricted segmental mobility, which 
created a “dead” layer at the vicinity of the interface. As a result, the Tg of the film was 
able to rise up to 56 °C above the bulk Tg of PMMA (Xia, Mishra, & Keten, 2013b). 
Secondly, the combined high nanofiller content and the laminated arrangement of 
nanocomposites fabricated using the LbL assembly technique can effectively suppress 
the glass transition point. Previous studies of the MMT/Polymer nanocomposites 
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showed that, for the “neatly intercalated” nanocomposites, both the Tg and Tm were too 
weak and/or too broad to measure, or they were suppressed due to the polymer 
confinement, which could be applied to a plethora of polymer nanocomposites 
including PMMA (Strawhecker & Manias, 2000). Zhu, Zhang, and Kotov (2013) 
showed that for the PVA/rGO nanocomposites fabricated using the LbL assembly, 
although the Tg of PVA is 75 °C, the Tg of the nanocomposites was suppressed up to 
220 °C at a high graphene weight fraction. Furthermore, graphene has been considered 
as a good flame retardant agent, which possesses excellent in plane thermal 
conductivity but cross-plane insulation property (Wang et al., 2017c). The LbL 
assembled cellulose/graphene hybrid film with 40 assembly cycles showed in-plane 
thermal conductivity of 12.6 W·m
-1
·K
-1
, while the cross-plane conductivity was only 
0.042 W·m
-1
·K
-1
, and the film also possessed good mechanical properties and was 
considered as a good candidate in thermal management (Song et al., 2017). In another 
study, the functionalised graphene oxide (FGO) coating was deposited on a PVA film 
using the LbL assembly technique. It was found that the PVA film showed significant 
flame retardancy due to the effective barrier effect of the stacked FGO sheets (Chen et 
al., 2018).  
 
To calculate the tensile Young’s modulus of the composites in the three orthogonal 
directions, the pressure is set to be ramped incrementally from 1 atmosphere to a 
maximum value in the direction along which the Young’s modulus needs to be 
calculated. The rate of ramping is 1 MPa/ps. In the meantime, the compressive 
pressure values of the other two directions are maintained as equal to the pressure in 
the tensile direction multiplied by the Poisson’s ratio of PMMA. In order to consider 
the interfacial stress transfer between the graphene and the matrix, at each simulation 
timestep during pressure increment, a two-step time integration is adopted. Firstly the 
PMMA molecules are subject to isothermal isobaric (NPT) dynamics runs and only the 
atoms in the PMMA matrix are set to update positions which match the simulation box 
change, and then the graphene molecules are subjected to a separated time integration 
under microcanonical ensemble (NVE).  As reported by Liu et al. (2015), the 
interfacial shear stress for a wrinkled-graphene/PE system was much higher than a 
flat-graphene/PE system (i.e., 274 MPa versus 112 MPa). They also observed that 
wrinkled-graphene/PMMA system had better mechanical properties than its 
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graphene/PE counterpart. We also observed that wrinkles existed in the 
graphene/PMMA system in the current study as shown in Figure 5.2.3. We choose that 
the maximum value for the composites with 3% and 5% graphene volume fractions is 
150 MPa, and for the composites with 7%, 9%, 11% graphene volume fractions the 
maximum value is 200 MPa. This is to ensure that there is no significant sliding 
between the graphene and polymer matrix under the chosen maximum pressure on the 
system. As aforementioned, the pressure on the system is increased by 1 MPa/ps and 
sample stress-strain points are recorded before the system reaches the maximum 
pressure. Under such pressure ramping setting, the corresponding strain rate is 
estimated to be around 1.5%-2% per nanosecond. The convergence of the MD 
simulation was monitored by the pressure values in the three normal directions 11, 22 
and 33. At each pressure ramping, ten thousand time-steps of simulation were 
performed. The average pressure values of the last three thousand time-steps were 
recorded and compared with the aforementioned predefined values. If the average 
pressures were not similar to the targeted pressures, another ten thousand time-steps of 
simulation were performed until the pressures in all three directions were very close to 
the targeted pressures. After that the stresses and strains for the system were recorded. 
On average, about 1000 sample stress-strain points are used in the regression process 
to obtain the Young’s modulus. After obtaining the Young’s modulus, similar 
procedure is used to calculate the shear modulus, and the maximum value of the 
imposed shear pressure is 62 MPa. 
 
 
Figure 5.2.3 Wrinkled graphene surface under tension and thermal conditions 
 
Before any deformation is applied, the structural properties of the composite have 
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been studied. Assuming that each atom mass is concentrated only at the centroid of the 
atom sphere, Figure 5.2.4 illustrates the molar mass distribution against the composite 
height profile for composite with 9% graphene volume fraction under 300 K and 1 atm. 
The two largest peaks indicate the position of graphene while the lowest peaks with no 
mass indicate van der Waals gaps between graphene and PMMA chains. In the vicinity 
of graphene, due to the nonbond attraction forces, four interphase regions with an 
average thickness around 0.35 nm have been observed. The density of PMMA in the 
interphase region is higher than the ones in the region away from the graphene surface, 
and the PMMA molecules are “arrested” in the region by wrinkled graphene surface. It 
was reported that the existence of interphase region had also been found for graphene 
oxide-silk fibroin nanocomposite membrane, and the strong interactions between 
nanofiller and matrix in the interphase region were thought to be the reason for the 
measured ultra-high tensile modulus up to 145 GPa (Hu et al., 2013a). As discussed 
previously, the wrinkled graphene will also provide additional interfacial strength for 
the graphene/PMMA system (Liu et al., 2015). 
 
Figure 5.2.4 Molar mass distribution for composite with 9% graphene volume fraction under 
300 K and 1 atm. 
 
Table 5.2.2 presents the temperature dependent Young’s modulus of composites with 
different graphene volume fractions. E11 is the Young’s modulus along the zigzag 
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direction of graphene, E22 is the Young’s modulus along the armchair direction and E33 
is in the thickness direction. From the results it can be seen that due to the planar 
orientation of graphene, the mechanical properties of the composite exhibit orthotropic 
characteristics. Generally speaking, the Young’s moduli increase with graphene 
volume fraction and decrease as the temperature rises from 300 K to 500 K. With the 
graphene volume fraction increases from 3% to 11%, the Young’s moduli become 
more sensitive to temperature variation. Compared with 3% graphene content, the 
composite with 11% graphene has the largest reduction of moduli when temperature 
rises from 300 K to 500 K. This is due to the fact that the material properties of 
graphene are temperature dependent. It is also observed that for composites under the 
same temperature, the rate of improvement decreases with the increases of graphene 
volume fraction, which suggests composites with higher graphene content may not 
have equivalence improvement as the composites with lower graphene content. 
 
Table 5.2.2 Temperature dependent material properties for aligned graphene/PMMA 
composites in zigzag direction E11, armchair direction E22 and thickness direction E33.  
Young’s 
moduli 
Graphene volume fraction 
(%) 
300 K (GPa) 400 K (GPa) 500 K (GPa) 
E11 3 36.538 32.639 31.926 
 5 59.544 53.462 52.171 
 7 80.096 71.698 69.960 
 9 90.023 81.035 79.218 
 11 96.388 88.557 87.039 
E22 3 35.613 31.750 31.854 
 5 57.479 51.661 50.225 
 7 78.843 70.928 67.453 
 9 88.750 78.091 76.019 
 11 94.265 86.063 84.743 
E33 3 3.401 2.634 1.872 
 5 3.663 2.783 1.966 
 7 4.380 3.407 3.160 
 9 5.182 4.271 3.226 
 11 5.817 4.802 3.321 
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Table 5.2.3 presents the temperature dependent shear modulus G12 of composites in 
the graphene plane with different graphene volume fractions. Similar influences of 
temperature and graphene volume fractions on shear modulus can also be observed. 
Table 5.2.4 is the results of G13 and G23 for the composites at 300 K. Overall the results 
indicate that the shear moduli in the transverse plane of the composite are lower than 
or similar to that of the PMMA matrix. The transverse shear moduli of the composite 
are not improved by increasing the graphene content. It may be explained that under 
transverse shear, the perpendicular graphene surface further disrupts the 
intermolecular grip forces between PMMA molecules which usually exist in pure 
PMMA matrix, so that the reinforcing effect would be weakened. Furthermore, the G13 
and G23 results under 400 K or 500 K were unable to be obtained due to that the higher 
thermal kinetic energies cause further oscillation of atomic displacements which 
further diverge the already weak results of the shear moduli. 
 
Table 5.2.3 Temperature dependent material properties G12 for aligned 
graphene/PMMA composites in-plane direction. 
Graphene volume fraction (%) 300 K (GPa) 400 K (GPa) 500 K (GPa) 
3 11.388 11.572 11.700 
5 15.655 12.919 11.450 
7 23.644 19.574 17.106 
9 33.635 25.566 22.202 
11 34.713 26.735 23.478 
 
Table 5.2.4 Temperature dependent material properties G13 and G23 for aligned 
graphene/PMMA composites in thickness direction at 300 K. 
Graphene volume fraction (%) G13 (GPa) G23 (GPa) 
3 0.401 0.306 
5 0.301 0.055 
7 0.081 0.260 
9 0.138 0.271 
11 0.179 0.062 
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5.3 Simulation of single layer graphene subject to mechanical and 
thermal loadings 
Understanding the mechanical properties of single layer graphene itself is crucial for 
evaluating the effectiveness of rule of mixture for the graphene based nanocomposites. 
The elastic properties and intrinsic breaking strength of graphene have been measured 
by atomic force microscope (Lee et al., 2008). It was estimated that the Young’s 
modulus of graphene was of the order of 1 TPa, given the effective thickness of 0.34 
nm. The in-plane shear modulus of graphene film grown by chemical vapour 
deposition on copper foil has been estimated to be 280±36 GPa with the effective 
thickness of 0.34 nm (Liu et al., 2012b). The coefficient of thermal expansion (CTE) 
has been measured using Raman spectroscopy in the temperature range between 200 K 
and 400 K. It was found that the thermal expansion coefficient remained negative in 
the whole temperature range (Yoon, Son, & Cheong, 2011).  
 
The current procedure for calculating the material properties of single layer graphene 
is based on the work in (Shen, Shen, & Zhang, 2010b). There are, however, some 
notable differences in the model building. We use LCBOP (long-range carbon bond 
order potential) instead of AIREBO as demonstrated by Los and Fasolino that it could 
give more accurate results (Los & Fasolino, 2003). In order to minimize the size effect, 
the current graphene model is in near square shape of 147.6×147.7 ( )2. The four 
edges of the graphene are distinguished in Figure 5.3.1 as grey area while the graphene 
proper is in golden colour (refer to web version of the thesis for pictures with colours).  
For edge atoms, only the out-of-plane displacements are restrained and the in-plane 
displacements are not restrained. Such choice is made as it is found that the choice of 
boundary conditions could influence the calculated results of CTE, which is in 
consistence with the previous findings (Jiang, Wang, & Li, 2009). The results of shear 
rigidity can also be influenced as well. For calculating the in-plane stretching rigidity 
C11 and C22, where 11 denotes the zigzag direction and 22 denotes the armchair 
direction, uniaxial tensile forces are applied on each atoms on one pair of opposite 
edges. For in-plane shear rigidity C66 calculation, forces are applied on four edges so 
that the graphene is essentially in pure shear state. For bending calculation, the edge 
area is simply supported and uniformly distributed transverse load is applied on the 
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graphene proper, and the corresponding central deflection of the graphene sheet W is 
recorded. After performing the tension, shearing and bending simulations, the 
effective thickness, the Young’s moduli and shear modulus of the graphene sheet can 
be calculated using the approach given in (Shen, Shen, & Zhang, 2010b). The CTE is 
calculated by tracking the displacement variation    of the edge area with respect to 
its original length    under the variation of temperature   . After each variation of 
temperature   , the temperature T is maintained and    is calculated as the average 
length change, i.e., taking the average value of the 8000 steps of the total 10000 steps. 
The CTE is then calculated using the equation            . 
 
 
Figure 5.3.1 Single layer graphene MD model with difference areas highlighted 
for material properties simulation 
 
Table 5.3.1 presents the temperature dependent results of in-plane stretching rigidity 
C11 and C22 as well as the in-plane shear rigidity C66 for the simulated graphene sheet. 
Fig. 6 shows the effect of temperature changes on the surface moduli C11, C22 and 
C66 varying from 1 K to 1,000 K. It can be seen that the surface moduli C11 and C22 
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decreases with increase in temperature, and the surface shear modulus C66 weakly 
depends on the temperature variation. 
 
Table 5.3.1 Temperature-dependent in-plane rigidities for monolayer graphene (L11 = 
14.76 nm, L22 = 14.77 nm) 
Temperature (K)  C11 (GPa nm) C22 (GPa nm) C66 (GPa nm) 
1 
100 
200 
300 
400 
500 
700 
1000 
351.76 
345.18 
342.52 
340.65 
332.56 
328.65 
326.50 
312.04 
350.88 
344.64 
341.79 
339.74 
331.39 
326.18 
323.63 
309.36 
126.14 
132.83 
127.24 
128.38 
129.90 
131.55 
127.06 
121.17 
 
To simplify calculation, the effective thickness hG is assumed to be invariable with 
temperature. The equations for calculating the effective thickness hG are expressed as 
(Shen, Shen, & Zhang, 2010b) 
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Note that these equations are for the plate with movable in-plane displacements 
instead of immovable in-plane boundary conditions as used in (Shen, Shen, & Zhang, 
2010b). Under 300 K, the Poisson’s ratio    
  is calculated to be 0.177, the central 
deflection W under uniformly distributed transverse load q of 6 MPa is calculated to be 
0.387 nm. The effective length in the zigzag direction L11 and armchair direction L22 is 
measured to be 14.259 nm and 14.190 nm, respectively. The calculated effective 
thickness of the graphene sheet using Eq. (5.2) is    = 0.188 nm, and    = 4,118 
kg/m
3
. 
 
Figure 5.3.2 shows the results of CTE under the temperature variation in the current 
study. It can be seen that at lower temperature the CTE remains negative and it turns to 
positive when the temperature is higher than around 520 K. This trend agrees with the 
studies in (Magnin et al., 2014) and (Guo, Liao, & Wang, 2012). However the present 
values of the CTE lower than 300 K are closer to the ones in (Magnin et al., 2014) 
rather than in (Guo, Liao, & Wang, 2012). For CTE in the temperature range less than 
300 K, whether it will monotonically increase or attain a minimal value between 100 K 
and 300 K remains unclear and further investigation is needed. 
 
Table 5.3.2 summarises the material properties of the monolayer graphene simulated 
in this study. It is observed that the Young’s moduli    
  and    
  decrease with the 
increase of temperature and the Young’s moduli in zigzag direction are slightly higher 
than the corresponding ones in the armchair direction. The shear modulus    
  
increases and then decreases as temperature rises. It is, however, in general not very 
sensitive to temperature variation at low temperatures. 
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Figure 5.3.2 CTE of monolayer graphene under the temperature variation. 
 
Table 5.3.2 Temperature-dependent material properties for monolayer graphene (L11 = 14.76 
nm, L22 = 14.77 nm, thickness hG = 0.188 nm,
 
 = 0.177, ρG = 4118 kg/m3). 
Temperature (K)    
  (GPa)    
 (GPa)    
 (GPa)    
  (10
-6
/K)    
  (10
-6
/K) 
300 1812  1807  683  -0.90 -0.95 
400 1769  1763  691  -0.35 -0.40 
500 1748  1735  700  -0.08 -0.08 
700 1737  1721  676  0.25 0.30 
1000 1660  1646  645  0.32 0.32 
5.4 Comparison with the conventional rule of mixture 
A number of micromechanics models have been proposed for the determination of 
effective properties of carbon nanotube-reinforced and/or graphene-reinforced 
composites, where the rule of mixture is commonly used. A comparison study of the 
current results against the equations of rule of mixture has been carried out. The 
effective Young’s moduli and shear modulus can be expressed as (Frankland et al., 
2003) 
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where E11, E22 and E33 are nanocomposite Young’s moduli in the graphene zigzag, 
armchair and transverse directions, G12 is the shear modulus of the nanocomposite, 
   
 ,    
 and    
  are the Young’s moduli of the graphene in the zigzag, armchair, 
transverse directions,    
  is the shear modulus of the graphene, E
m
 and G
m
 are the 
Young’s modulus and shear modulus of the matrix, and Vm and VG are the volume 
fractions of matrix and graphene, respectively. Here we take    
  = 39.511 GPa (Cho, 
Luo, & Daniel, 2007). E
m 
= 2.5 GPa, G
m
 = 0.912 GPa. Using the MD results of 
graphene in Table 5.3.2 and the equations of the rule of mixture of Eqs. (5.6)-(5.9), the 
stiffness of the composite under T = 300 K for different graphene volume fractions are 
obtained and listed in Table 5.4.1. It can be seen that E22 is much smaller than E11 using 
the rule of mixture, whereas the MD results show that E11 and E22 are almost the same. 
The results are not consistent with the MD simulation results of the nanocomposite in 
the previous sections and it is due to the nanosize effect, surface effect and other 
factors. Similar to CNT reinforced nanocomposites (Han & Elliott, 2007) the simple 
rule of mixture used in the conventional fibre reinforced composites cannot be 
employed to predict the stiffness of the graphene reinforced nanocomposites. Further 
investigations on the correct form of equations are needed in order to determine the 
mechanical properties of the graphene/PMMA composites. 
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Table 5.4.1 Stiffness of graphene/PMMA composite under T = 300 K for different 
graphene volume fractions using the rule of mixture equations in Eqs. (5.6)-(5.9). 
Graphene volume  
fraction (%) 
E11 (GPa) E22 (GPa) E33(GPa) G12(GPa) 
3 56.78 (55%)
 a
  2.58 (-93%)  2.57 (-24%)  0.94 (-92%) 
5 92.97 (56%)  2.63 (-95%) 2.62 (-28%)  0.96 (-94%) 
7 129.16 (61%)  2.69 (-97%) 2.68 (-39%)  0.98 (-96%) 
9 165.35 (84%)  2.75 (-97%) 2.73 (-47%)  1.00 (-97%) 
11 201.54 (109%)  2.81 (-97%) 2.79 (-52%)  1.03 (-97%) 
a
 Difference = 100% X [(Eij)-(Eij)MD]/(Eij)MD (i, j = 11, 22, 33 and 12) 
5.5 Summary 
Molecular dynamics simulations have been performed to study the temperature 
dependent mechanical properties of graphene reinforced PMMA nanocomposites with 
certain material constitute arrangement. By inspecting the simulated model it is found 
that the graphene has wrinkled surface under thermal conditions and a PMMA 
interphase region exists in the vicinity of the graphene surface. The mechanical 
properties of the nanocomposites exhibit orthotropic characteristics due to the planar 
orientated graphene. The Young’s moduli and shear moduli of the nanocomposites 
increase with graphene volume fraction and decrease as the temperature rises from 300 
K to 500 K. The Young’s moduli and shear moduli become more sensitive to 
temperature variation for the composites with higher graphene volume fractions. 
Increasing graphene contents may not necessarily result in proportional increasing of 
the composite moduli. Simulations of single atom thin graphene are also performed to 
determine its mechanical properties. The comparison between the MD simulation 
results and the simple rule of mixture reveals that the conventional equations of rule of 
mixture for microfibre reinforced composite may not be suitable for the graphene 
reinforced nanocomposites. More research work needs to be carried out to find a 
suitable form which can capture the nanoscale interactions for such novel 
nanocomposites.    
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CHAPTER 6 STRUCTURAL ANALYSIS OF FG-GRC 
BEAMS ASSEMBLED VIA LbL 
6.1 Introduction 
This chapter deals with the structural analysis of FG-GRC beams assembled via the 
aforementioned LbL technique. Many of the engineering applications such as those 
encountered in the MEMS can be modelled as rectangular beams resting on a 
compliant foundation and subject to external stresses, which can either be induced by 
mechanical vibration, transverse loading, and edge compression loading or by the 
thermal environment. In most of the cases, structure failure such as excessive 
bending deformation, buckling and postbuckling as well as excessive vibration are of 
primary concerns and should be assessed beforehand.   
6.2 Multi-scale model for FG-GRC laminated beams 
6.2.1 Problem definition 
As shown in Figure 6.2.1, a FG-GRC beam of length L, width b, and thickness h 
resting on an elastic foundation and in thermal environment is considered in the 
current study. The beam is referred to a coordinate system (X, Y, Z) in which X and Y 
are in the length and width directions of the beam and Z is in the direction of the 
downward normal to the middle surface. The origin of the rectangular coordinate 
system is on the mid-surface of one end of the beam. The beam is made of N plies 
with each ply being a mixture of graphene reinforcement and polymer matrix. Each 
ply is assumed to be homogenous but may have different graphene content from other 
plies. The graphene reinforcement is either uniformly distributed (UD) or functionally 
graded (FG) in the thickness direction with a piece-wise type and either zigzag (refer 
to as 0-ply) or armchair (refer to as 90-ply).  
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Figure 6.2.1 A GRC laminated beam resting on a Pasternak elastic foundation. 
 
For all cases considered, the width to thickness ratio is assumed to be b/h = 1, and the 
beams may have different length to thickness ratios. The thickness of each ply is 
identical and the total thickness of the beam h = 0.005 m. As shown in Figure 
6.2.2(a)-(d), four types of FG-GRC laminated beams, i.e., FG-V, FG-Λ, FG-X and 
FG-O, are considered. For Type V, the graphene volume fractions are assumed to have 
graded volume fractions distribution [(0.11)2/(0.09)2/(0.07)2/(0.05)2/(0.03)2] for ten 
plies, referred to as FG-V. For Type Λ, the distribution of graphene reinforcements is 
inversed, i.e., [(0.03)2/(0.05)2/(0.07)2/(0.09)2/(0.11)2], referred to as FG-Λ. For Type X, 
a mid-plane symmetric graded distribution of graphene reinforcements is achieved, i.e., 
[0.11/0.09/0.07/0.05/0.03]S, and for type O, the graphene volume fractions are 
assumed to have [0.03/0.05/0.07/0.09/0.11]S, referred to as FG-X and FG-O, 
respectively. In Figure 6.2.2(e), An UD GRC laminated beam with the same thickness 
is also considered as a comparator for which the graphene volume fraction of each ply 
is identical and VG = 0.07. In such a way, the two cases of UD and FG GRC laminated 
beams will have the same value of total volume fraction of graphene. The boundary 
conditions investigated are pinned-pinned and two ends are in-plane immovable. 
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(a) (b) 
  
(c) (d) 
 
(e) 
Figure 6.2.2 Cross section of (a) FG-V (b) FG-Λ (c) FG-X (d) FG-O and (e) UD 
beam 
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6.2.2 Micromechanics model 
As discussed in the previous sections, the Halpin - Tsai model (Halpin & Kardos, 1976) 
as well as the Voigt model (Giannopoulos & Kallivokas, 2014) cannot predict the 
effective material properties of GRCs exactly due to the atomistic effects. Hence, in 
nanoscale both Halpin - Tsai model and Voigt model should be modified. According to 
the extended Halpin - Tsai model, the effective material properties of the GRCs can be 
expressed by 
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     (6.3) 
in which aG , bG and hG are the length, width and effective thickness of the graphene 
sheet, and 
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where    
 ,    
  and    
  are the Young’s moduli and shear modulus, respectively, of 
the graphene sheet, and    and    are corresponding properties for the matrix.  
 
Similar to the cases of CNTRCs, the load transferring between the graphene and 
polymeric phases is less than perfect (e.g., the surface effects, strain gradients effects, 
intermolecular coupled stress effects, etc.). The graphene efficiency parameters    (j 
= 1, 2, 3) are introduced into Eqs. (6.1) - (6.3) to consider the small scale effect and 
other effects on the material properties of GRCs. In Eqs. (6.1) - (6.3),    is the 
graphene volume fraction and the matrix volume fraction can be expressed by 
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       , and 
    
  
                    
   (6.7) 
where    is the mass fraction of graphene sheet, and  
  and    are the densities 
of graphene and matrix, respectively, and the mass density of the GRC is defined by 
      
     
  (6.8) 
the thermal expansion coefficients in the longitudinal and transverse directions can be 
expressed as 
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where    
 ,    
  and    are thermal expansion coefficients, and    
  and     are 
Poisson’s ratios, respectively, of the graphene sheet and matrix. It was reported that the 
material properties of both graphene sheet (Shen, Shen, & Zhang, 2010a) and matrix 
(Hull, 1996) were functions of temperature T, therefore, the Young’s modulus, shear 
modulus and thermal expansion coefficients of GRCs are also functions of 
temperature T. The Poisson’s ratio depends weakly on temperature change and is 
expressed as  
          
     
  (6.11) 
6.2.3 Elastic constitutive relations 
The beam reduced stiffness and can be expressed by (Li et al., 2014a) 
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where Aij , Bij, etc., are the beam stiffness, defined by  
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in which 
           
      
 
    
  (6.15) 
and      are the transformed elastic constants, defined by 
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and c = cosθ and s = sinθ, where θ is the lamination angle with respect to the beam 
X-axis. details of which can be found in (Reddy, 1984). Note that for a GRC layer 
reinforced by zigzag or armchair graphene sheets,          and          , where 
     
   
        
     
   
        
     
      
        
 
(6.18) 
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E11, E22, G12,     and     have their usual meanings.  
 
The temperature field may be assumed uniformly distributed in the beam when the 
beam is considered to be at an isothermal state. The thermal forces    , moments    , 
and    , and higher order moments    , caused by elevated temperature and are 
defined by 
                                
      
  
    
 
 
   
 (6.19) 
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where ΔT= T-T0 is the temperature rise from the reference temperature T0  at which 
there are no thermal strains in the beam, and 
          
      
            
      
                        (6.21) 
in which     and     are the thermal expansion coefficients measured in the 
longitudinal and transverse directions, respectively,  
6.2.4 Governing equations 
The Reddy’s third order shear deformation beam theory (Levinson, 1981; Reddy, 
1984; Reddy, 2004) with a von Kármán-type of kinematic nonlinearity is employed to 
study the nonlinear mechanical behaviour of FG-GRC beams. The displacement fields 
of the beam along the X and Z axes are assumed to be    and   , where Z is 
perpendicular to the beam axis.     is the mid-plane rotation of the normal about the Y axis. 
The beam is exposed to elevated temperature and may be subjected to a transverse 
uniform pressure q. The compliant Pasternak-type foundation is employed in the study, 
which means that no part of the beam lifts off the foundation during deflection. The 
foundation model can be defined by              
        , where p is the force 
per unit area,     is the Winkler foundation stiffness and     is the shearing layer 
stiffness of the foundation. By taking into account the beam-foundation interaction 
and thermal effects, the governing differential equations for the problem can be 
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expressed as follows. 
 
6.2.4.1 Nonlinear bending and thermal postbuckling of FG-GRC beams 
The governing equations of nonlinear bending and thermal postbuckling of a 
functionally graded GRC laminated beam, which includes the beam-foundation 
interaction and thermal effect, can be expressed by (Shen & Xiang, 2013b) 
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in which 
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(6.25) 
 
It is noted that Eq. (6.24) is only valid for the beam with two ends immovable, that is 
                 . 
 
6.2.4.2 Nonlinear vibration of FG-GRC beams 
For the nonlinear vibration case, the governing equations can be expressed as (Shen & 
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Xiang, 2013b) 
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in which     is the same as Eq. (6.24), and the boundary condition is the two ends of 
the beam are immovable. S11, S12, S21, S22, S23, S26 are the same as Eq. (6.25). 
6.2.5 Dimensionless quantities 
6.2.5.1 Nonlinear bending and thermal buckling 
The dimensionless quantities for bending and thermal postbuckling analysis are 
    
 
 
   
   
  
 
    
 
 
      
    
     
      
          
  
       
     
 
   
        
 
                  
 
    
                        
  
      
     
    
      
      
           
 
      
      
 
   
     
 
   
        
          
 
     
           
 
   
       
 
    
   
      
   
92 
 
             
  
      
 
  
   
              
  
      
 
  
   
    
     
    
 
      
            
  
       
   
  
 
   
  
     (6.28) 
in which the alternative forms k1 and k2 are not needed until the numerical examples 
are considered.    is the reference value of Em
 
at the room temperature (T0 = 300 K), 
and   
     
     
  are defined by 
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where Ax is given in Eq. (6.21). 
 
6.2.5.2 Nonlinear vibration 
The extra dimensionless quantities for vibration analysis are 
 
     
      
 
        
  
                         
 
   
         
 
   
    
   
      
  
 
 
  
   
 
 
  
  
      
 
 
 
  
  
  
(6.30) 
where    are the reference values of  
  at the room temperature (T0 = 300 K). 
 
Apply the nondimensional quantities, the boundary conditions and governing 
equations can be written in the dimensionless forms listed in APPENDIX A . 
6.3 Solution procedure 
6.3.1 Nonlinear bending  
Employing the two step perturbation technique (Shen, 2013), the nonlinear bending 
response of a simply supported FG-GRC laminated beam resting on a Pasternak elastic 
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foundation as defined in Eqs. (A.1)-(A.2) can be obtained. In the solution process, the 
small perturbation parameter has no physical meaning at the first step, and is then 
replaced by a dimensionless deflection at the second step. To solve the problem, it is 
assume that 
          
      
   
           
       
   
       
 
   
     (6.31) 
where ε is a small perturbation parameter and the first term of wj (x) is assumed to have 
the form 
          
   
        (6.32) 
where m is the deflected mode. Then the thermal bending moments are expanded in 
the double Fourier sine series so that the simply supported boundary conditions of the 
beam can be implemented 
    
    
    
 
 
        
 
 
           . (6.33) 
 
The asymptotic solutions are obtained using Eqs. (6.32) and (6.33) to solve Eqs. (A.1) 
and (A.2) step by step. They are 
            
   
             (6.34) 
             
   
             (6.35) 
and  
       
       
   
     
       
   
  
 
   
       
   
  
 
        (6.36) 
 
It is noted that all coefficients in Eqs. (6.34)-(6.36) are related and can be written as 
functions of    
   
. (   
   
 ) is taken as the second perturbation parameter relating to the 
dimensionless maximum deflection of the beam Wm in Eqs. (6.34) - (6.36). For the 
bending problem m is usually taken to be m = 1. From Eqs. (6.34) - (6.36) the 
load-central deflection relationship can be written as  
 
   
      
   
   
   
   
 
   
 
    
   
 
   
 
 
 
   
   
 
   
 
 
 
    (6.37) 
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in which 
 
  
   
                
   
       
     
  
   
 
 
 
         
       
       
                  
  
   
 
  
 
        
       
       
   
  
   
 
  
  
     (6.38) 
6.3.2 Thermal postbuckling 
Same as the nonlinear bending problem, the two step perturbation technique (Shen, 
2013) is employed to solve the thermal postbuckling problem. The initial deflection 
W
*
 is assumed to have the form 
          
          
   
       (6.39) 
where      
     
   
 is the imperfection parameter. 
 
It is assumed that   
          
      
   
           
       
   
       
 
   
     (6.40) 
and the initial buckling model is assumed to have the form 
          
   
        (6.41) 
 
The asymptotic solutions of Eqs. (A.4) and (A.5) are solved step by step and can be 
expressed as 
            
   
             (6.42) 
             
   
             (6.43) 
and  
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    (6.44) 
 
In Eq. (6.44), (   
   
 ) is taken as the second perturbation parameter relating to the 
dimensionless maximum deflection Wm. The thermal postbuckling equilibrium path 
can be written as 
    
 
  
   
   
   
   
     
   
  
      (6.45) 
where 
 
  
   
 
 
  
           
    
     
         
         
     
  
   
 
    
  
          
    
     
         
   
          
       
       
    
  
   
 
 
  
 
  
 
        
  
  
  
  
  
    
       
            
 
  
  (6.46) 
in which      (for m ≠ 1) and       (for m = 1). 
6.3.3 Nonlinear vibration 
For nonlinear vibration problem, the relationship between the vibration amplitude and 
the frequency is investigated. Assume that the solutions of Eqs. (A.6) - (A.7) can be 
expressed as 
                         
            
               (6.47) 
where       is an initial deflection due to initial thermal bending moment, and 
       is an additional deflection.   
     is the mid-plane rotation corresponding 
to      .         is defined analogously to       , but is for   
    . Note that 
      =   
     = 0 when    = 0. Substituting Eq. (6.47) into Eqs. (A.6) - (A.7), 
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two sets of equations are obtained. The first set of equations can be solved to obtain 
the particular solution of static deflection due to thermal bending stresses, and the 
second set of equations will be solved for the homogeneous solution of vibration 
characteristics on the initial deflected beam by employing the two-step perturbation 
technique (Shen, 2013). It is assumed that 
            
   
   
        
             
    
   
        
             
   
   
       
(6.48) 
where ε is a small perturbation parameter without a physical meaning in this step, 
and      is introduced to improve perturbation procedure for solving nonlinear 
vibration problem. In such a case the motion equations (A.6)-(A.7) may be re-written 
as 
 
   
   
   
    
    
   
     
   
 
 
  
  
 
 
    
   
  
    
   
   
   
 
 
  
   
   
 
    
   
 
     
   
 
  
  
  
   
  
  
   
  
 
 
     
   
 
  
 
 
    
    
  
    
   
   
           
   
   
 
       
   
   
    
    
     
    
   
      
   
(6.49) 
 
   
   
   
    
    
   
        
  
  
 
       
    
   
    
   
     
   
(6.50) 
 
The boundary conditions are assumed to be simply supported and the initial 
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conditions are assumed to be 
        
  
  
 
   
               
   
  
 
   
     (6.51) 
 
All of the major steps of the solution methodology will be described below and more 
details may be found in (Shen, 2013). 
 
Substituting Eq. (6.48) into Eqs. (6.49) and (6.50), collecting the terms of the same 
order of ε, a set of perturbation equations is obtained. It is assumed that  
            
   
        (6.52) 
and the initial deflection is assumed to be 
          
        (6.53) 
 
Using Eqs. (6.52) and (6.53) to solve Eqs. (6.49) and (6.50) step by step, the 
asymptotic solutions can be obtained 
              
                   (6.54) 
               
                 
                   (6.55) 
 
                
              
               
       
       
 
          
         
            
       
       
 
             
    
(6.56) 
 
Note that in Eqs. (6.54)-(6.56),   is replaced back by t. For a free vibration problem 
    . Applying Galerkin procedure to Eq. (6.56), one has 
    
       
    
   
         
             
    
 
         
    
 
    (6.57) 
where 
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in which C4 = 3 (for m = 1) and C4 = m
2
 (for m ≠ 1), and 
       
   
  
   
  
   
   
 
  
   
 
 
     
  
   
 
 
    (6.59) 
where 
    
 
 
              
   
       
      
 
            
       
       
         
   
   
       
             
 
               
       
       
      
  
 
        
   
   
   
   
   
 
 
  (6.60) 
 
The solution of Eq. (6.57) may be expressed by 
          
             
 
     
  
   
 
 
 
 
   
  (6.61) 
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where             
    is the dimensionless linear frequency, and       is the 
dimensionless amplitude of the beam. According to Eq. (6.30), the corresponding 
linear frequency can be expressed as                  
   , where    and    
are defined as in Eqs. (6.28) and (6.30). 
6.4 Numerical results and discussion 
6.4.1 Material properties from MD simulations 
Numerical results are presented in this section for simply supported GRC laminated 
beams resting on an elastic foundation and in thermal environments. We first need to 
determine the effective material properties of GRCs. Poly (methyl methacrylate), 
referred to as PMMA, is selected for the matrix, and the material properties of which 
are assumed to be    = 1150 kg/m3,    = 0.34,    = 45(1+0.0005ΔT )×10-6/K and 
  = (3.52-0.0034T) GPa, in which T = T0 +ΔT and T0 = 300
 
K (room temperature). In 
such a way,    = 45.0×10-6/K and    = 2.5 GPa at T = 300 K. The zigzag (refer to 
as 0-ply) graphene sheets with effective thickness hG = 0.188 nm and    = 4118 
kg/m
3 
are selected as reinforcements. The material properties of which are 
temperature-dependent studied in the previous section and listed in Table 5.3.2. For 
300 K ≤ T ≤ 1000 K, thermomechanial properties of zigzag graphene sheets with 
respect to temperature are as follows 
    
 =(2.16637-0.00193T+2.93701 10-6T 2-1.51775 10-9T 3)TPa,  
    
 =(2.16868-0.00193T+2.85954 10-6T 2-1.45145 10-9T 3)TPa,  
    
 =(0.53514+8.24436 10-4T-1.2932 10-6T 2+5.78507 10-10T 3)TPa,  
    
 =(-3.83788+0.01416T-1.63355 10-5T 2+6.33589 10-9T 3) 10-6/K,  
    
 =(-3.73997+0.01296T-1.35033 10-5T 2+4.60392 10-9T 3) 10-6/K,  
    
 =0.177. (6.62) 
 
The key issue for successful application of the extended Halpin - Tsai model to GRCs 
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is to determine the graphene efficiency parameters    (j = 1, 2, 3). As there is no 
experiment conducted to determine the value of    for GRCs, in the present study, an 
estimation of graphene efficiency parameters   ,    and    is performed by 
matching the Young’s moduli E11 and E22 and shear modulus G12 of GRCs predicted 
from the Halpin-Tsai model to the MD simulations. These parameters are listed in 
Table 6.4.1. Also, it is assumed that G13 = G23 = 0.5G12. 
 
Table 6.4.1 Comparisons of Young’s and shear moduli for graphene/PMMA 
nanocomposites. 
VG 
 
MD results from 
CHAPTER 5 
Halpin–Tsai model 
E11 
(GPa) 
E22 
(GPa) 
G12 
(GPa) 
E11 
(GPa) 
   E22 
(GPa) 
   G12 
(GPa) 
   
T = 300 K 
0.03 
0.05 
0.07 
0.09 
0.11 
36.538 
59.544 
80.096 
90.023 
96.388 
35.613 
57.479 
78.843 
88.750 
94.265 
11.388 
15.655 
23.644 
33.635 
34.713 
12.470 
19.410 
26.580 
34.010 
41.710 
2.929 
3.068 
3.013 
2.647 
2.311 
12.470 
19.410 
26.580 
34.010 
41.710 
2.855 
2.962 
2.966 
2.609 
2.260 
0.962 
0.982 
1.003 
1.025 
1.048 
11.842 
15.944 
23.575 
32.816 
33.125 
T = 400 K 
0.03 
0.05 
0.07 
0.09 
0.11 
32.639 
53.462 
71.698 
81.035 
88.557 
31.750 
51.661 
70.928 
78.091 
86.063 
11.572 
12.919 
19.574 
25.566 
26.735 
10.960 
17.090 
23.430 
30.010 
36.820 
2.977 
3.128 
3.060 
2.701 
2.405 
10.960 
17.090 
23.430 
30.000 
36.820 
2.896 
3.023 
3.027 
2.603 
2.337 
0.831 
0.848 
0.867 
0.886 
0.906 
13.928 
15.229 
22.588 
28.869 
29.527 
T = 500 K 
0.03 
0.05 
0.07 
0.09 
0.11 
31.926 
52.171 
69.960 
79.218 
87.039 
31.854 
50.225 
67.453 
76.019 
84.743 
11.700 
11.450 
17.106 
22.202 
23.478 
9.424 
14.720 
20.210 
25.900 
31.820 
3.388 
3.544 
3.462 
3.058 
2.736 
9.420 
14.710 
20.200 
25.890 
31.800 
3.382 
3.414 
3.339 
2.936 
2.665 
0.700 
0.715 
0.730 
0.746 
0.763 
16.712 
16.018 
23.428 
29.754 
30.773 
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6.4.2 Nonlinear bending  
In the following parametric studies, q0L
4
/E0I and      denote the dimensionless 
transverse pressure and the dimensionless central deflection of the beams, 
respectively, where E0 = Young’s modulus of E
m
 at T = 300 K. Figure 6.4.1 presents 
the bending load-deflection curves of the four types of FG (0/90/0/90/0)S GRC 
laminated beams with L/h = 20 subjected to a uniform pressure q0 at T = 300 K. The 
results of a corresponding UD beam are also included for comparison. It can be seen 
that the FG-V (0/90/0/90/0)s beam has the highest, whereas the FG-Λ (0/90/0/90/0)s 
beam has the lowest load-deflection curve among the five GRC laminated beams. 
Therefore, the FG-Λ beam is the strongest against bending deflection. Only FG-Λ and 
UD GRC laminated beams will be considered in the following examples. 
 
Figure 6.4.1 Bending load-deflection curves of five types of (0/90/0/90/0)s GRC 
beams subjected to a uniform pressure. 
 
The effect of foundation stiffness on the nonlinear bending load deflection curves of 
FG-Λ and UD (0/90/0/90/0)s beams is presented in Figure 6.4.2. The beams rest on 
elastic foundations and are subjected to a uniform pressure at room temperature (T = 
300 K). The stiffness for the Pasternak foundation is taken to be (k1, k2) = (1000, 
100), for the Winkler foundation (k1, k2) = (1000, 0) and for the beams without a 
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foundation (k1, k2) = (0, 0), respectively. It is observed that the deflection of the 
beams decreases as the foundation stiffness changes from (k1, k2) = (0, 0), (k1, k2) = 
(1000, 0) to (k1, k2) = (1000, 100). 
 
 
Figure 6.4.2 The effect of foundation stiffness on the bending load-deflection curves 
of UD and FG-Λ (0/90/0/90/0)s GRC beams subjected to a uniform pressure. 
 
The effect of temperature rise on the bending load-deflection curves for FG-Λ and UD 
(0/90/0/90/0)s beams is depicted in Figure 6.4.3. The beams are subjected to a uniform 
pressure and are under three temperature conditions, i.e., T = 300, 400 and 500 K. As 
expected, the deflections of the beams increase as the temperature rises. It is also 
observed that an initial negative (upward) deflection occurs when the temperature load 
is applied. 
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Figure 6.4.3 The effect of temperature variation on the bending load-deflection 
curves of UD and FG-Λ (0/90/0/90/0)s GRC beams subjected to a uniform pressure. 
6.4.3 Thermal postbuckling 
Figure 6.4.4 shows the thermal postbuckling load-deflection curves of UD and FG-X 
CNT/PMMA beams with L/h = 25 subjected to a uniform temperature rise by the 
current method and the Chebyshev-based polynomial Ritz method results of (Mirzaei 
& Kiani, 2015). In Figure 6.4.4, r = [I/A]
1/2
 is the radius of gyration, where A and I 
are the area and the second moment of area of the cross section. The material 
properties are the same as those used in previous study (Shen & Xiang, 2013a) and 
the extended rule of mixture is adopted and the CNT efficiency parameters are taken 
to be    = 0.142,    = 1.626 and    = 1.138 for the case of    
  = 0.17. We 
observe in Figure 6.4.4 that the thermal postbuckling strength and the buckling 
temperature from (Mirzaei & Kiani, 2015) are higher than the present solutions. 
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Figure 6.4.4 Comparisons of thermal postbuckling load-deflection curves of 
CNTRC beams subjected to a uniform temperature rise. 
 
Table 6.4.2 presents the buckling temperature Tcr for UD, FG-O and FG-X (0)10 and 
(0/90/0/90/0)s laminated beams with L/h = 15, 20 and 30. The beams rest on elastic 
foundations and are subjected to uniform temperature rise. The Pasternak foundation 
stiffness are (k1, k2) = (100, 10), the Winkler foundation (k1, k2) = (100, 0) and no 
elastic foundation (k1, k2) = (0, 0), respectively. It is observed that the buckling 
temperature increases when the foundation stiffness change from (k1, k2) = (0, 0) to 
(k1, k2) = (100, 0) to (k1, k2) = (100, 10). The buckling temperature decreases as the 
beam length-to-thickness ratio L/h increases. The buckling temperature of FG-GRC 
laminated beam increases as the FG arrangement changes from FG-O to UD to FG-X. 
For example, the percentage increase is about 3% - 8% for the (0)10 beam, and is 
about 2% - 5% for the (0/90/0/90/0)s beam, as shown in the brackets. The results 
confirm that the effect of FG-X is more pronounced on the buckling temperature 
when L/h = 15. 
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Table 6.4.2 Buckling temperature Tcr (in K) for (0)10 and (0/90/0/90/0)s GRC 
laminated beams resting on elastic foundations subjected to uniform temperature 
rise (b = h = 0.005 m) 
(k1, k2) Lay-up L/h UD FG-X FG-O 
(0, 0) (0)10 
 
 
(0/90/0/90/0)S  
 
15 
20 
30 
15 
20 
30 
459.276 
393.116 
343.343 
390.644 
352.865 
324.142 
495.095 (+7.80%)a 
416.707 (+6.00%) 
354.405 (+3.22%) 
411.254 (+5.28%) 
365.098 (+3.47%) 
329.786 (+1.74%) 
422.395 
371.720 
332.952 
368.500 
339.451 
317.840 
(100, 0) (0)10 
 
 
(0/90/0/90/0)S  
 
15 
20 
30 
15 
20 
30 
464.938 
396.280 
344.762 
393.804 
354.641 
324.933 
501.089 (+7.78%) 
420.247 (+6.05%) 
356.015 (+3.26%) 
414.769 (+5.32%) 
367.095 (+3.51%) 
330.668 (+1.76%) 
428.628 
375.308 
334.559 
372.032 
341.432 
318.720 
(100, 10) (0)10 
 
 
(0/90/0/90/0)S  
 
15 
20 
30 
15 
20 
30 
470.531 
399.415 
346.164 
396.935 
356.397 
325.715 
507.073 (+7.77%) 
423.732 (+6.09%) 
357.606 (+3.31%) 
418.230 (+5.36%) 
369.072 (+3.56%) 
331.539 (+1.79%) 
434.754 
378.864 
336.123 
375.505 
343.370 
319.583 
a 
Difference = 100%[T(FG-X) - T(UD)]/T(UD). 
 
As mentioned earlier, the buckling temperature does not exist for simply supported 
FGM beams and/or unsymmetric cross-ply laminated beams under a uniform 
temperature rise, due to the stretching-bending coupling effect in such beams (Shen, 
2015a, 2015b). Figure 6.4.5 presents thermal postbuckling load-deflection curves of 
five types of (0/90/0/90/0)s GRC beams with L/h = 20 subjected to a uniform 
temperature rise. The nondimensional buckling temperature is defined by   
  
         
 , where α0 is the reference values of α
m
 at T = 300 K. It is observed that 
the thermal postbuckling curve of the GRC beams increases as the symmetric FG 
arrangement changes from FG-O to UG to FG-X. The postbuckling path of the FG-X 
and FG-O GRC beams shows the bifurcation type, while the FG-V and FG-Λ beams 
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have the limit-point type postbuckling path.  
 
Figure 6.4.5 Thermal postbuckling load-deflection curves of five types of 
(0/90/0/90/0)s GRC beams subjected to a uniform temperature rise. 
 
Figure 6.4.6 shows the relationship of the foundation stiffness and the thermal 
postbuckling load-deflection curves of FG-X and UD (0/90/0/90/0)s GRC beams of 
L/h = 20. The beams are subjected to a uniform temperature rise and rest on elastic 
foundations. The Pasternak foundation stiffness are (k1, k2) = (1000, 100) and the 
Winkler foundation stiffness are (k1, k2) = (1000, 0). As expected, the buckling 
temperature and thermal postbuckling strength of both UD and FG-X GRC beams 
increase as the foundation stiffness increases.  
 
Figure 6.4.7 shows the relationship between the length-to-thickness ratio L/h ( = 10, 
20 and 30) and the thermal postbuckling load deflection curves of UD and FG-X 
GRC laminated beams subjected to a uniform temperature rise. The results show that 
nondimensional thermal postbuckling load-deflection curve is increased when the 
beam length-to-thickness ratio is increased. This is due to the larger effect of the 
transverse shear deformation of the beam when L/h ratio becomes smaller. 
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Figure 6.4.6 Effect of the foundation stiffness on the thermal postbuckling 
load-deflection curves of UD and FG-X (0/90/0/90/0)s GRC beams subjected to a 
uniform temperature rise. 
 
 
Figure 6.4.7 Effect of length-to-thickness ratio on the thermal postbuckling load 
deflection curves of UD and FG-X GRC laminated beams subjected to a uniform 
temperature rise. 
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6.4.4 Nonlinear vibration 
In the following parametric studies, the dimensionless natural frequency is defined 
by                 , where    and    are the reference values of ρ
m
 and E
m
 at 
ΔT = 0. Table 6.4.3 presents the first four dimensionless natural frequencies of (0)10, 
(0/90/0/90/0)s and (0/90)5T GRC laminated beams with L/h = 5 under thermal 
environments T = 300, 400 and 500 K. It can be seen that the natural frequency of the 
GRC laminated beam decreases with the rise of temperature. It is found that the FG-X 
GRC laminated beam has the largest, while the FG-O GRC laminated beam has the 
lowest fundamental frequencies among the five beams at T = 300 and 400 K. As 
expected, the natural frequencies of FG-V and FG-Λ are the same for both (0)10 and 
(0/90/0/90/0)s laminated beams.  
 
Table 6.4.4 shows the effects of temperature rise (T = 300, 400 and 500 K) on the 
nonlinear to linear frequency ratios        of (0)10 GRC laminated beams with b/h 
= 10. It can be seen that the fundamental frequency of the (0)10 GRC laminated beam is 
decreased, but the nonlinear to linear frequency ratio increases as the temperature rises. 
The results show that the FG-X (0)10 beam has the lower nonlinear to linear 
frequency ratios than those of beams with UD and FG-O distribution of graphene 
sheets. Figure 6.4.8 shows temperature rise on the nonlinear vibration characteristics 
of UD and FG-X (0/90/0/90/0)s laminated beams with L/h = 5 under thermal 
environments T = 300, 400 and 500 K. The results confirm that the 
frequency-amplitude curves increase with temperature for both UD and FG-X GRC 
laminated beams. Figure 6.4.9 presents the effect of foundation stiffness on the 
frequency-amplitude curves of UD and FG-X (0/90/0/90/0)s laminated beams with 
L/h = 10 resting on elastic foundations at T = 300 K. In Figure 6.4.9, the stiffness is (k1, 
k2) = (1000, 100) for the Pasternak elastic foundation and (k1, k2) = (1000, 0) for the 
Winkler elastic foundation. The results show that the frequency-amplitude curves 
decrease with foundation stiffness under the same environmental condition. Figure 
6.4.10 shows beam length-to-thickness ratio L/h on the frequency-amplitude curves of 
UD and FG-X (0/90/0/90/0)S laminated beams at T = 300 K. Three sets of beam 
length-to-thickness ratios, i.e., L/h = 10, 20 and 50, are considered. It is found that the 
frequency-amplitude curve decreases when L/h increases, whereas the difference 
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between two adjacent curves becomes smaller when L/h is sufficiently large (see the 
cases for L/h = 20 and 50).  
 
Table 6.4.3 Natural frequencies  for GRC laminated beams in 
thermal environments (L/h = 5, h = 5 mm) 
T (K) Lay-up                  
300 (0)10 
 
 
 
(0/90/0/90/0)S 
 
 
 
(0/90)5T 
 
 
UD 
FG-V&Λ 
FG-X 
FG-O 
UD 
FG-V&Λ 
FG-X 
FG-O 
UD 
FG-V 
FG-Λ 
FG-X 
FG-O 
12.5782 
11.4167 
12.7075 
10.7822 
12.5518 
11.3759 
12.6832 
10.7177 
12.5393 
11.3541 
11.3583 
12.6621 
10.7207 
38.3001 
36.1736 
36.6912 
35.2796 
38.2522 
36.0913 
36.6564 
35.1255 
38.2217 
36.0441 
36.0392 
36.6097 
35.1283 
66.0543 
63.7198 
61.8087 
63.3005 
66.0014 
63.6250 
61.7766 
63.0942 
65.9526 
63.5635 
63.5326 
61.7032 
63.0882 
93.9153 
91.4359 
87.1880 
91.3406 
93.8614 
91.3388 
87.1600 
91.0978 
93.7885 
91.2632 
91.1952 
87.0501 
91.0759 
400 (0)10 
 
 
 
(0/90/0/90/0)S 
 
 
 
(0/90)5T 
 
 
UD 
FG-V&Λ 
FG-X 
FG-O 
UD 
FG-V&Λ 
FG-X 
FG-O 
UD 
FG-V 
FG-Λ 
FG-X 
FG-O 
11.3196 
10.4977 
11.6031 
 9.6111 
10.8857 
10.2839 
11.1851 
 9.0958 
10.7698 
10.0235 
10.3373 
11.0888 
 9.0003 
34.9627 
33.1810 
33.8782 
31.9856 
34.4306 
32.8055 
33.3331 
31.3484 
34.2835 
32.5386 
32.7468 
33.1905 
31.2436 
60.2727 
58.1594 
57.1088 
57.1426 
59.6147 
57.6799 
56.4289 
56.3834 
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57.3695 
57.5484 
56.2243 
56.2472 
85.6882 
83.2759 
80.6251 
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84.8947 
82.7038 
79.8053 
81.3388 
84.6556 
82.3338 
82.4987 
79.5236 
81.1590 
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Table 6.4.4 Nonlinear to linear frequency ratios 
 
for (0)10 GRC laminated 
beams in thermal environments (L/h = 10, h = 5 mm) 
T (K)                                
0.2 0.4 0.6 0.8 1.0 
300 UD 13.8621 1.0469 1.1765 1.3653 1.5925 1.8440 
 FG-X 14.4492 1.0392 1.1489 1.3114 1.5098 1.7319 
 FG-O 11.4831 1.0615 1.2276 1.4632 1.7402 2.0419 
400 UD 11.1998 1.0638 1.2357 1.4783 1.7628 2.0719 
 FG-X 12.1889 1.0495 1.1857 1.3832 1.6198 1.8807 
 FG-O  8.7910 1.0933 1.3346 1.6606 2.0310 2.4254 
500 UD  8.5951 1.1037 1.3686 1.7217 2.1194 2.5408 
 FG-X 10.0459 1.0706 1.2588 1.5217 1.8272 2.1574 
 FG-O  5.5891 1.2136 1.7003 2.2924 2.9265 3.5804 
 
 
Figure 6.4.8 The effect of temperature rise on the frequency-amplitude curves of 
UD and FG-X (0/90/0/90/0)s GRC beams in thermal environments. 
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Figure 6.4.9 The effect of foundation stiffness on the frequency-amplitude curves of 
UD and FG-X (0/90/0/90/0)s GRC laminated beams resting on elastic foundations. 
 
 
Figure 6.4.10 The effect of beam length-to-thickness ratio on the 
frequency-amplitude curves of UD and FG-X (0/90/0/90/0)s GRC laminated 
beams. 
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6.5 Summary 
The nonlinear bending, thermal postbuckling as well as the nonlinear vibration 
behaviours of FG-GRC laminated beams have been carried out. The beams are rested 
on a compliant Pasternak type foundation and in thermal environments. The 
temperature dependent material properties of GRCs have been evaluated on the basis 
of a micromechanical model and a multiscale approach. The scale effects of 
nanocomposites are included by introducing the graphene efficiency parameters 
which are estimated by matching the elastic modulus of GRCs observed from the 
MD simulation results with the numerical results obtained from the extended Halpin 
- Tsai model. Different functionally graded graphene distribution patterns in the 
polymer matrix are considered as UD, FG-V, FG- Λ, FG-X and FG-O. Based on the 
Reddy’s third order beam theory and von Kármán type nonlinearity, the governing 
differential equations of the FG-GRC laminated are presented and solved by the 
two-step perturbation technique. Parametric studies reveal that the nonlinear bending, 
thermal postbuckling as well as the nonlinear vibration behaviours are significantly 
influenced by the FG pattern and optimisation can be achieved by a carefully 
designed FG pattern. The numerical results also show that the beam foundation 
stiffness, and temperature rise and length-to-thickness ratio will significantly 
influence the mechanical behaviours of FG-GRC beams, which have been 
thoroughly discussed in detail. 
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CHAPTER 7 MORPHOLOGICAL AND MECHANICAL 
PROPERTIES OF 3D PRINTED GRAPHENE/PMMA 
NANOCOMPOSITES 
7.1 Introduction 
For the FG-GRC with lower graphene weight fractions, the degree of improvements 
depends largely on the morphology of the resulting nanocomposites. Such 
morphology is further controlled by the nature of individual components (e.g., filler, 
polymer matrix), their interaction strength, and manufacturing techniques such as 
previously reviewed 3D printing technique.  
 
In this chapter, the morphological and mechanical properties of graphene-reinforced 
PMMA nanocomposites are investigated via developing a multiscale approach, which 
combines DPD simulation and FE analysis. Specifically, the mesoscale DPD 
simulation is used to generate the morphology of graphene/PMMA nanocomposites 
and then RVE for the FE analysis through a morphological and structural mapping is 
established. The DPD method can overcome the spatial and temporal limitation of 
molecular dynamics (MD) simulation and yet still consider the surface chemistry 
details of functionalised graphene. Therefore, the interactions at molecular level 
between graphene and PMMA matrix are preserved. The DPD method also allows a 
wrinkled surface and crumpled morphology of graphene. In addition, the Couette 
shear flows with different shear rates can be implemented in the DPD simulations to 
investigate the dependence of the morphology on shearing conditions. The resultant 
morphologies of nanocomposite systems from the DPD simulations are spatially 
mapped onto RVEs using an in-house developed extension FELIX (Finite Element 
Local Information X-rays) and a finite element analysis software package – Abaqus. 
The filler-matrix interfaces are preserved during the mapping process through 
assigning different interphase region in the RVEs. Upon a validation from 
experimental results available in literature, the tensile and shear moduli of the 
nanocomposites are obtained from a series of FE analyses. 
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7.2 Details of multiscale simulation  
7.2.1 DPD formulation 
The DPD theory was initially developed by Hoogerbrugge and Koelman (1992), and 
Groot and Warren (1997). In a DPD simulation, a set of atoms with identical or similar 
volumes are represented by a type of bead (or particle). The interaction    between a 
pair of beads is governed by the Newton’s equation of motion, which can be summed 
up by a soft repulsion conservative force    
 , a dissipative or drag force    
 , and a 
random force    
 , 
         
     
     
  
   
  (7.1) 
where the conservative force is given by 
    
   
                     
  
          
            
  , (7.2) 
the dissipative force can be expressed as 
    
                          , (7.3) 
and the random force is given by 
    
                   , (7.4) 
where     is the maximum repulsion between particle i and particle j,          , 
             .    is the cutoff radius for the force summation.   represents position 
vector and   represents velocity vector of the corresponding particles, respectively. 
   and    are the   dependent weight functions which vanish for         .     
is the randomly fluctuating variable with Gaussian statistics,   is the amplitude of the 
dissipative force and   is the noise level.  
 
To fulfill the Gibbs-Boltzmann distribution, the weight functions as well as the 
amplitudes have the following relationships: 
                (7.5) 
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         , (7.6) 
where    is the Boltzmann constant, and T is the absolute temperature. 
7.2.2 Coarse-grained models of graphene and PMMA 
The DPD simulations were performed on BIOVIA Materials Studio 2016, A 
coarse-grained model of PMMA chain with 30 monomers is presented in Figure 7.2.1, 
in which each bead stands for a single methyl methacrylate monomer. The volume of 
such PMMA chain was estimated using the Connolly surface to be 2744  
 
, with 
the volume of each monomer being 92  
 
. According to Flory-Huggins theory 
(Flory, 1953), each microscopic lattice should have approximately the same volume. 
The coarse-grained model of the pristine graphene was built as shown in Figure 7.2.2. 
The volume occupied by graphene in terms of Connolly surface is 22908  
 
, and 
each graphene bead is comprised of six aromatic carbon hexagonal with     orbital 
hybridisation, with a volume of 95.5  
 
. 
 
 
Figure 7.2.1 Coarse-grain model of a PMMA chain 
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Figure 7.2.2 Coarse-grain model of a pristine graphene 
7.2.3 DPD parameterisation 
7.2.3.1 Parameters for repulsive interactions 
To maintain the hydrodynamic characteristics of a system, the compressibility of the 
system should be similar to that of water according to Groot and Warren (1997). A 
water molecule has a volume of 30 
 
. To match the size of a graphene or polymer 
bead, a coarse-grained water bead should represent three water molecules with a total 
volume of 90  
 
. The system should satisfy (Groot & Rabone, 2001) 
        
 
  
 
  
  
 
   
    
  
           
  
  
 
  
  
 
          
, (7.7) 
where     is the compressibility,    is the scaling factor for energy value in terms of 
Boltzmann constant and temperature,   is the bead density in the simulation,   is the 
number density of water molecules in liquid water, and    is the number of water 
molecules per DPD bead. A good approximation for the pressure that holds for 
sufficiently high density is (Groot & Warren, 1997)  
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                             .  (7.8) 
 
A reasonable bead number density was found to be    , and the non-dimensional 
compressibility for water is 16 (Groot & Warren, 1997). Therefore, the repulsive 
interaction parameters between two beads of identical types,     is calculated using 
Eq. (7.8),         . 
 
The repulsive parameters between two beads of different types can be obtained using 
the Flory-Huggins theory (Flory, 1953), in which the excessive free energy of mixing 
is expressed by Flory-Huggins χ parameters. For different polymers with a larger 
repulsion, the χ parameter has been obtained by Groot and Rabone (2001) as 
                                 (7.9) 
 
The Flory-Huggins parameters   between beads of different types can be evaluated 
by performing MD simulations to calculate the mixing energy between the two-phase 
systems. Alternatively, it can be estimated using the solubility parameters δ, which is 
derived from the cohesive energy density of the solvent that evaporates into an ideal 
gas. The Hansen’s three dimensional solubility theory (Hansen, 2007) has been proven 
to be a powerful and practical way to understand a range of issues, such as solubility, 
dispersion, diffusion, and chromatography. In current simulations, Hansen solubility 
parameters were used to estimate the relative energy difference and mapped to the 
Flory-Huggins parameters  . The   parameter is expressed in terms of the solubility 
parameters as 
     
 
   
    
    
       
    
       
    
      (7.10) 
where   is the volume of the bead,    is the Boltzmann constant, T is the absolute 
temperature,   ,    and    are the dispersion, polar and hydrogen bonding Hansen 
solubility parameters, respectively. It is noted that in Hansen’s original formulation, 
there is a constant “4” in front of the dispersion parameter term. The constant “4” is an 
empirical number which is useful to convert spheroidal plots of solubility into 
spherical ones (Hansen, 2007). In current simulations, there is no need to compare 
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solubility in the three dimensional space, but to map it onto the Flory-Huggins 
parameters, therefore this constant has been omitted in Eq. (7.10). 
 
7.2.3.2 Covalence potentials for graphene and polymer 
In some literatures, only the bonds and angles of coarse-grained beads of carbon 
nanotubes were considered while the dihedral terms were either not included (Liba et 
al., 2008) or expressed with a large spring constant (Arash, Park, & Rabczuk, 2015). 
Such models may be valid for rigid nanoparticles such as carbon nanotubes or 
clustered clay platelets. However, as graphene is a sheet with only one-atom thin and 
has large surface area, it tends to wrinkle or fold into various shapes when subjected to 
external forces. Therefore, it is essential to include the out-of-plane rigidity in the 
model. The mechanical properties of graphene have been thoroughly studied 
computationally and experimentally in literatures. Such studies suggested that if the 
thickness of graphene is equivalent to the interplanar spacing of graphene, d = 0.335 
nm, the Young’s modulus of pristine graphene under ambient environment is 
approximately 1 TPa and the shear modulus ranging from 200 to 480 GPa, depending 
on the support conditions and testing methods. The out-of-plane response of the 
graphene can be obtained by performing MD simulation in bending. Ruiz et al. (2015) 
established a coarse-grained MD model of graphene using a strain energy conservation 
approach in which the bond, angle, dihedral parameters were calibrated against the 
existing experimental and simulation results. In current study, the parameters of the 
proposed graphene DPD model were derived from the linear elastic region of their 
force fields. However, the asymmetries between zigzag and armchair directions in the 
non-linear large-deformation regime and the interlayer shear response were not 
considered. Therefore, the hexagonal symmetry of the atomistic lattice of graphene 
was ignored and the energy parameters was proportionally adjusted according to its 
chemical composition. 
 
In current study, the covalent force field for the coarse-grained models of graphene 
includes the contributions from bonds, angles and dihedrals, respectively, with their 
functional forms as follows: 
       
  
 
      
   (7.11) 
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   (7.12) 
 
      
  
 
           (7.13) 
where    and    are the spring constant of the bond length and the equilibrium bond 
distance, respectively;    and    are respectively the spring constant of the bond 
angle and the equilibrium bond angle;    and   are the spring constant of the 
dihedral angle and the dihedral angle, respectively. 
 
There are several coarse-grained models which can be used for polymer 
implementation. Among them, the MARTINI force field was initially developed for 
biomolecular simulations (Marrink et al., 2007), based on the reproduction of 
partitioning free energies between polar and apolar phases of a large number of 
chemical compounds. Uttarwar, Potoff, and Huang (2013) studied coating behaviour 
of PMMA on the hydrophilic nanoparticles using the MARTINI coarse-grained 
method. The monomer was divided into two beads, one represents the backbone part 
and the other represents the functional group. To model the chain stiffness, a weak 
cosine harmonic expression has been adopted while the torsional potentials were 
ignored. Chen et al. (2008) evaluated the force fields for PMMA simulation using 
explicit atoms, united atoms and coarse-grained beads. A similar molecular partition 
scheme as MARTINI was used in the coarse-grained model, but the energy potentials 
for both bonds and angles were in different forms. It is noted that the potential energies 
of the coarse-grained chains are influenced by the conformation of polymer chains. In 
the current study, each monomer is represented by one bead (Wu, 2016; Xia, Mishra, 
& Keten, 2013a), chain tacticity was not specifically treated. Since DPD is a soft 
particle dynamics simulation, the angle potential was adopted the same cosine 
harmonic type as the MARTINI form in Eq. (7.14),  the bond angle of 113° and 
dihedral energy parameter of 10 kcal/mol are used and the angle energy parameter is 
estimated based on the simulation studies of Uttarwar, Potoff, and Huang (2013) and 
Chen et al. (2008). Meanwhile, the functional forms of bonds and dihedrals were 
selected from a literature (Arash, Park, & Rabczuk, 2016) and are the same as those 
graphene ones, 
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   (7.14) 
 
7.2.3.3 Reduced units and physical scales 
In a DPD simulation, reduced units were used for all parameters (i.e., length, mass, 
energy and time). As discussed above, the bead volume is approximately 95 Å
3
, and 
the number density for the simulated system   is 3, therefore the physical size of the 
interaction cutoff radius    is 6.58Å, which also serves as the length scale in the 
simulation. The physical mass scale    takes the mass of a MMA monomer, and    
is 100.12 amu. The energy unit is conventionally chosen to be    , where    is the 
Boltzmann constant, T = 298 K, therefore     = 0.5919 Kcal/mol. The time scale is 
calculated using           = 4.18 ps. The dissipative strength has a scale of 
          = 23.92 amu/ps. The shear rate is scaled using            = 0.239 ps
-1
. 
 
7.2.3.4 Construction of nanocomposite models 
The simulated nanocomposite system was constructed as a cube with a size of 24 × 24 
× 24 in the reduced length unit and periodical boundary conditions were applied in 3 
paired external surfaces along three directions, respectively. The physical volume of 
the system is 3,938 nm
3
 and its average bead number is 41,472. Different graphene 
fractions can be achieved by adding more graphene flakes into the simulation system 
while reducing the number of polymer chains in the system. For instance, adding one 
more graphene flake into the system roughly increases the graphene volume fraction 
by 0.58% and the weight fraction by 0.84%. In the devised simulation, the 
nanocomposites containing up to three flakes of graphene were considered with a 
graphene weight fraction from 0.84%, 1.68% to 2.52%, respectively. Meanwhile, three 
nanocomposite cases with different graphene surface chemistries and processing 
routes were considered, i.e, direct melt blending of pristine graphene (GN) and 
PMMA, direct melt blending of 2-hydroxyethyl acrylate functionalised graphene 
(FGN) and PMMA, and covalent functionalisation of PMMA chains on the 
hydroxyethyl acrylate functionalised graphene sheets via latex polymerisation 
(PMMA@FGN), followed by melt blending with PMMA matrix. 
 
To simulate the direct melt blending of GN and PMMA, the Flory-Huggins χ 
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parameters and the repulsive parameters were determined, which are listed in Table 
7.2.1, where types G and P represent graphene beads and polymer beads, respectively. 
The Hansen solubility of the graphene nanofiller was taken as the same as the 
turbostratic graphite, with   
  ~ 17.2 MPa
1/2
,   
  ~ 3.4 MPa
1/2
, and   
  ~ 2.0 MPa
1/2
. 
The PMMA solubility parameters were taken as   
  ~ 18.64 MPa
1/2
,   
  ~ 10.52 
MPa
1/2
, and   
  ~ 7.51 MPa
1/2
. To consider the nature of rigid and larger mass of 
graphene beads over PMMA beads, the repulsive force parameter of graphene is 
proportionally reduced, and a similar reduction can also be found in the study of the 
aggregate structure of asphaltene in heavy crude oil (Song et al., 2016; Zhang et al., 
2010). The covalence force field parameters for G beads and P beads are listed in Table 
7.2.2. 
 
Table 7.2.1 Flory-Huggins χ parameters and the repulsive parameters for G and P 
beads 
  G P aij G P 
G -5.000 1.920 G 60  90 
P 1.920 0.000  P 90  82  
 
After the model construction, the GN/PMMA nanocomposite system firstly was 
experienced energy minimisation, and then the DPD simulation for 50,000 time steps 
with a time-step of 0.002. After reaching the equilibrium structure, the GN/PMMA 
system was set to subject to further DPD simulations of 50,000 time steps under a 
shear rate of 0.01, 0.03, 0.05, and 0.07, respectively. The shearing was implemented 
using the Lees-Edwards sliding boundary conditions which simulates the Couette 
shear flow. The morphologies of the nanocomposites under different shear rates are 
analysed and discussed in the next subsection. 
 
Table 7.2.2 Covalence force field parameters for G beads and P beads 
Force field acronym Interaction Parameter value 
G-G Bond (Zigzag direction)    (kcal/mol/Å
2
) 940 
     (Å) 7.38 
G-G Bond (Armchair direction)    (kcal/mol/Å
2
) 940 
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     (Å) 4.261 
G-G-G Angle (in-plane)    (kcal/mol/rad
2
) 818.8 
     (°) 90 
G-G-G Angle (out-of-plane)    (kcal/mol/rad
2
) 8.3 
     (°) 180 
G-G-G-G Dihedral    (kcal/mol) 8.3 
P-P Bond    (kcal/mol/Å
2
) 194.61 
     (Å) 4.02 
P-P-P Angle    (kcal/mol) 124 
     (°) 113 
P-P-P-P Dihedral    (kcal/mol) 10 
 
Figure 7.2.3 shows the coarse-grained model of 2-hydroxyethyl acrylate 
functionalised graphene with the same base size as the pristine graphene. Beads in red 
represent ester groups with a chemical formula of C5H8O3. Each ester bead has a 
similar volume as a MMA monomer, and denotes as type E. The functional groups are 
randomly grafted on the top and bottom surface as well as the edges of the graphene, 
with total density of functionalisation sites of 30%. The C/O atomic ratio of the 
functionalised sheet was estimated to be 89%/11%. The solubility parameters for 
hydroxyethyl acrylate were taken as   
  ~ 16 MPa
1/2
,   
  ~ 13.2 MPa
1/2
, and   
  ~ 
13.4 MPa
1/2. The extra χ parameters for E beads are 0 (E~E), 5.254 (E~G) and 1.128 
(E~P). The repulsive parameters are 82 (E~E), 105 (E~G) and 87 (E~P). The bond, 
angle, dihedral parameters for E beads were taken as the same as the P beads. The 
simulation procedure for direct melt mix of the FGN/PMMA is the same as the 
aforementioned GN/PMMA system. 
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Figure 7.2.3 Coarse-grained model of 2-hydroxyethyl acrylate functionalised 
graphene 
 
For the third case, the simulation was performed in two steps, reflecting the 
experimental procedure in literature (Jiang et al., 2013). The first step is to simulate the 
latex copolymerisation process of PMMA@FGN. Several more types of beads were 
introduced as shown in Figure 7.2.4 in which H and T denote the head beads and tail 
beads of sodium dodecyl sulfate (SDS) surfactant, respectively, W denotes the water 
beads, and C is for MMA beads to be coated onto the surface of graphene or grafted 
onto FGN during in-situ polymerisation.  
 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 7.2.4 (a) Head (H) and tail (T) beads of SDS. (b) Coating bead. (c) Water 
bead. 
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However it is difficult to determine the quality of functionalisation, i.e., how many 
polymer chains will be chemically grafted or physically absorbed onto the graphene 
surface or what will the chain length be. For this reason, the coating C beads fall into 
two categories in the model systems: a) covalent functionalised polymer chains and, b) 
physically absorbed polymer chains. In current study, PMMA covalent functionalised 
graphene (shown in Figure 7.2.5) represents the successful copolymerisation of MMA 
with the ester double bond during the latex in-situ polymerisation. It is assumed that 
such functionalised graphene has a total functionalisation site density of 30%, i.e., the 
same as that of FGN, and the grafted PMMA chain has eight C beads per site. The 
remaining coating C beads may be wrapped by the surfactant micelle during in-situ 
polymerisation. Yet, they are not covalently grafted onto the graphene surface. Such 
beads are assumed to have a same total volume as that of functionalised graphene 
fillers. For the system with three different graphene contents, it is assumed that they all 
add the same SDS volume fraction beyond critical micelle concentration (CMC) in 
water of 8.2 mM, i.e., CMC with around 19 molecules per DPD simulation cell. The 
added SDS volume fraction is 2.5% in all cases. 
 
Figure 7.2.5 Coarse-grain model of PMMA covalent functionalise d graphene 
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In this simulation step, a simplified treatment has been made to model W beads with P 
beads, yet modifying the force field of P beads to water to ensure the aqueous 
behaviour of the surrounding matrix. The solubility parameters of H, T, C, W beads are 
listed in Table 7.2.3, the χ parameters and the repulsive parameters are listed in Table 
7.2.4 and Table 7.2.5, respectively.  
 
Table 7.2.3 Solubility parameters of H, T, C, W beads 
Bead type δ 
 
 (MPa
1/2
) δ 
 
 (MPa
1/2
) δ 
 
 (MPa
1/2
) 
H 15.5  16 42.3 
T 15.8 6.5 5.4 
C 15.8 6.5 5.4 
W 15.5 16 42.3 
 
Table 7.2.4 Flory-Huggins (χ) parameters of G, E, H, T, C, W beads 
χ G E H T C W 
G -5.000      
E 5.254 0.000     
H 41.252 19.481 2.000    
T 0.534 2.516 33.541 0.000   
C 0.534 2.516 33.541 0.000 0.000  
W 41.252 19.481 -5.000 33.541 33.541 0.000 
  
Table 7.2.5 Repulsive parameters of G, E, H, T, C, W beads 
aij G E H T C W 
G 60       
E 105  82      
H 261  166  91     
T 84  93  227  82    
C 84  93  227  82  82   
W 261  166  80  227  227  82  
 
The second step is the melt mix of premade PMMA@FGN with PMMA matrix. The 
SDS beads from the last step are deleted, together with the MMA beads wrapped by 
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the surfactant micelle but are further away from the graphene surface. The rest of the 
melt mix simulation procedures are the same as those of previous two cases. 
 
7.2.3.5 Mapping DPD morphologies onto RVEs 
After performing the melt mixing simulations, the morphologies of nanocomposites 
obtained under different shear rates were mapped onto the 3D representative volume 
element (RVE) based finite element model in order to evaluate their mechanical 
properties (e.g., tensile and shear moduli) and the influence of their microstructures 
and compositions on material properties. For this purpose, an in-house software 
FELIX was developed using the finite element software Abaqus v6.14. In the current 
RVE modelling, the RVE size was the same as that of DPD model. The element type 
was chosen as 8-node linear brick element using reduced integration with hourglass 
control (C3D8R). Each element size was taken as the same length scale as that of DPD, 
with the physical size of 0.658 nm. It is understood that there is a need for convergence 
check of the finite element mesh by reducing the elements size or by increasing total 
elements number of RVEs. However, as two elements have the size of 1.3 nm which is 
at the limit of applicability of continuum mechanics (Sevostianov & Kachanov, 2007), 
the element size cannot be further reduced. In addition, the size of RVEs was restricted 
by the available computational power of the previous DPD simulations and mapping 
process, by considering both the computational cost and the accuracy of the analysis. 
Therefore, a total number of 13,824 elements was determined using the maximum size 
of the previous DPD simulation. For the aforementioned reasons, the mesh 
convergence is validated by comparing the stiffness results obtained from the RVE 
based FEA with the available experiments.   
 
Similar to the DPD simulations, 3D periodical boundary conditions (PBCs) were also 
applied in the finite element models to ensure that the displacements and stresses are 
continuous on the three pairs of opposite surfaces of the original cubic system and 
imaged elements. An example of PBCs implementation on the 3D RVE is shown in 
Figure 7.2.6. The equations for PBCs are defined using the equation constraints, as 
listed below (Wang et al., 2016c),  
                           (7.15) 
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                           (7.16) 
                           (7.17) 
assuming that                  
           , where                    denote the 
displacement vectors at the key nodes 1, 2 and 3 at the tips of RVE with unit vector 
coordinates (1, 0, 0), (0, 1, 0) and (0, 0, 1), respectively. Point O is the origin and is 
fixed,              .               ,              ,        and        are the displacements of 
every nodes on the six faces of the RVE, in which the subscripts x, y and z are the nodes 
on the faces perpendicular to the x, y and z axes, respectively, and the subscripts f and b 
represent the nodes with the same in-plane coordinates, but on two opposite front (f) 
and back (b) faces. 
 
  
(a) (b) 
Figure 7.2.6 (a) RVE coordinate system and PBCs key points; and (b) PBCs 
implementation on the deformed 3D RVE 
 
Six tension and shearing loading conditions were applied using the displacement 
method, and were determined by the displacements of key nodes 1, 2, 3, which are 
denoted by a matrix P (Wang et al., 2016c): 
    
      
      
      
  (7.18) 
where the diagonal elements       and    control the tension and compression of 
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the RVE in the x-direction, y-direction, z-direction respectively. The rest elements of 
the matrix P extract the shear deformation of the RVEs. Table 7.2.6 shows different 
loading conditions, in which Lx, Ly, Lz are the width, length and height of the RVE, 
respectively (Wang et al., 2016c). 
 
Table 7.2.6 Tension and shear loading conditions 
Loading 
case 
Setting of the parameters Loading condition 
1 u1=0.01Lx,  
v2 and w3: unconstrained 
Others: remain zero 
Tension along the x-direction with 
Poisson’s effect 
2 v2=0.01Ly  
u1 and w3: unconstrained 
Others: remain zero 
Tension along the y-direction with 
Poisson’s effect 
3 w3=0.01Lz  
u1 and v2:unconstrained 
Others: remain zero 
Tension along the z-direction with 
Poisson’s effect 
4 u1=0.005Lx 
v2=0.005Ly 
Others: remain zero 
Shear (xy plane) 
5 u1=0.005Lx  
w3=0.005Lz 
Others: remain zero 
Shear (xz plane) 
6 v2=0.005Ly  
w3=0.005Lz 
Others: remain zero 
Shear (yz plane) 
 
The macroscopic stress and strain data can be obtained by averaging the spatial stress 
and strain values of the integration points over the whole RVE. The average stress   
and strain   can be calculated using Eqs. (7.19) and (7.20), respectively: 
 
  
 
    
      
 
 
   
 (7.19) 
129 
 
 
  
 
    
      
 
 
   
 (7.20) 
where       .    
  and    
  are the element stress and strain.    and      are 
the volume of element and RVE, respectively. 
 
As mentioned earlier, the interactions between graphene nanofiller and polymer 
matrix depend largely on the surface chemistry of nanofillers. For GN/PMMA 
composites, GN can only interact with PMMA matrix through weak van der Waals 
interactions. For FGN/PMMA nanocomposites, the presence of hydroxyethyl acrylate 
functional group introduces hydrogen bonding at the interfaces between functional 
group and matrix molecules. For PMMA@FGN nanocomposites, it is expected that 
the coating polymers can act as the anchoring sites for effective enhancement of 
interfacial stress transfer between graphene surface and PMMA matrix.  
 
The above differences should be reflected when mapping them into RVEs. In the 
current study, the interfacial strengths were considered via material properties at 
nanofiller/matrix interphase. As the number density of the DPD system is 
approximately three, which means each element in the RVE contains on average three 
beads and two connectors of beads. This characteristic opens the opportunity to bridge 
the discrete mesoscale dynamics to continuums mechanics. The material properties 
were evaluated using the extended rule of mixtures by considering the chemical 
environment of different types of beads as well as bead connectors within each 
element. The material types and element partition criteria were introduced as listed in 
Table 7.2.7. Three interphase material properties were implemented, including GE, 
GEC1, and GEC2. According to the above criteria, GN/PMMA composites have only 
two material types (i.e., G and P). FGN/PMMA composites have three material types 
(i.e., G, P and GE). PMMA@FGN/PMMA composites have five material types (i.e., G, 
P, C, GEC1 and GEC2). 
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Table 7.2.7 Material types and element partition criteria for the finite element RVEs 
Material types Element partition criteria according to bead compositions 
G G   67%, P < 66% 
GE 0 < G < 66%, E > 0, C = 0, P < 66% 
GEC1 0 < G < 33%, E > 0, C > 0, P < 66% 
GEC2 33%   G < 66%, E > 0, C > 0, P < 66% 
C C ≧ 66%, P < 66% 
P P   67% 
 
The constitutive equation for material type P and C of PMMA can be given as follows 
(Wang, Xu, & Zhang, 2014), 
 
        
             
 
 
     
   
  
   
        
 
 
     
   
  
    
(7.21) 
where for beads P,    = 2.8,    = 0.833,    = 5.031,   = -11.577,   = -100.972,    
= 6.329,    = 3.939e-5; and for beads C,    = 4,    = 1.153,    = 4.871,   = 
-5.337,   = -10.572,    = 8.066,    = 5.155e-5. 
 
Only elastic modulus was extracted from FE simulations for material types G, GE, 
GEC1, and GEC2. For material type G, EG = 1 TPa which is the Young’s modulus of 
pristine graphene. For types GEC1 and GEC2, the Young’s moduli were calculated 
using the rule of mixtures, EGEC1 = 330 GPa, EGEC2 = 660 GPa. For type GE, there is no 
experimental data for this kind of interactions, however, it was estimated that the 
interfacial effective Young’s modulus for GO/PMMA is 60 GPa, and the base washed 
GO/PMMA is 35 GPa by observing the Raman band shifts (Valles et al., 2013), 
therefore, the Young’s modulus of GE was estimated to be 50 GPa. 
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7.3 Results and discussion 
7.3.1 Morphologies of nanocomposites from DPD simulations 
As mentioned earlier, three graphene contents (i.e., 0.84%, 1.68%, 2.52% of graphene 
weight fraction) were considered, corresponding to graphene sheets of one, two and 
three for each of the three simulation cases (i.e., GN, FGN, PMMA@FGN). Couette 
shear flow was always applied in the YZ plane and five different shearing conditions 
were considered, including a shear rate of Vs = 0, 0.01, 0.03, 0.05 and 0.07 in the 
reduced unit, respectively. The reduced value of Vs = 0.07 corresponds to a shear rate 
of 0.016745 ps
-1
. As an example for illustration, the snapshots of a DPD simulation are 
shown for the cases with three pieces of graphene (i.e., 2.52 wt%) under the tension 
along Y direction (transverse direction). 
 
Figure 7.3.1 shows the DPD snapshots for GN/PMMA nanocomposites under 
different shear rates at the end of simulations. To have a clear view, PMMA beads 
were omitted from the DPD snapshots. It is observed that when pristine GNs are 
directly mixed with the polymer, they tend to fold and aggregate in the matrix. As the 
shear rate increases, the crumpled GNs tend to unfold and align along the direction of 
shear flow, but the effect of increasing shear rate on achieving a better dispersion is 
indiscernible. It is observed that at a shear rate of Vs = 0.03, the three pieces of GNs 
have been separated, however, the individual GN remains wrapped up in the shear 
flow. On the other hand, as shown in the snapshot of Vs = 0.07, further increase in 
shear rate may still cause re-aggregation of the nanofillers.  
   
Vs = 0 Vs = 0.01 Vs = 0.03 
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Vs = 0.05 Vs = 0.07  
Figure 7.3.1 DPD snapshots for GN/PMMA nanocomposites under different 
shear rates Vs at the end of simulation 
 
Figure 7.3.2 shows the DPD snapshots for FGN/PMMA nanocomposites at the end of 
simulations. Similarly, PMMA beads were omitted from the DPD snapshots for a clear 
view. Comparing with the results from GN/PMMA composites, grafting of functional 
groups on graphene surface can act as a barrier between the graphene base sheet and 
the surrounding PMMA matrix, and thus a better dispersion was achieved. It is 
observed that the average surface areas of FGN in the matrix are larger than that of GN, 
especially for composites at lower shear rates. At a higher shear rate, the morphology 
of a system is the contest results between orientation and crumpling of graphene under 
shear flow. At the high shear rate of 0.07, the graphene sheets crumpled more severely 
than those at lower shear rates.  
 
Figure 7.3.3 shows the snapshot at the end of latex copolymerisation process 
simulation for PMMA@FGN/PMMA nanocomposites with a 2.52wt% graphene 
content, which gives the initial morphology of the clustered PMMA@FGN in aqueous 
environment. For a better illustration, water beads have been omitted from the 
snapshot. In this case, the surfactant molecules are able to form a large micelle which 
wraps up the PMMA@FGN nanofillers, together with the coating PMMA molecules, 
indicating the successful in-situ polymerisation of PMMA as well as the coating of 
PMMA chains onto the surface of graphene. There are also some smaller micelles 
formed purely by either surfactants or PMMA chains, indicating that during in-situ 
polymerisation some PMMA chains can be physically absorbed onto graphene surface, 
while others float in the water as smaller micelles and may not be able to get in contact 
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with graphene. 
 
Figure 7.3.4 shows the DPD simulation snapshots for PMMA@FGN/PMMA 
nanocomposites at the end of second step simulations. The DPD simulation shows 
that the coating polymer chains, both chemically grafted and physically absorbed on 
graphene surface, can intercalate into the spacing between graphene filler, which 
effectively promotes dispersion. At a shear rate of 0.03, graphene flakes together with 
the coating molecules are able to form laminar morphology. However, at a higher 
shear rate such as 0.05 or 0.07, the dispersion of nanofiller deteriorates as the distance 
between graphene filler became smaller, and the physically absorbed coating starts 
breaking apart under strong shear flow. On the other hand the orientation of graphene 
nanofiller in the shearing direction is improved when the shear rate is higher, which 
results in better alignment of graphene reinforcing phase.  
 
   
Vs = 0 Vs = 0.01 Vs = 0.03 
  
 
Vs = 0.05 Vs = 0.07  
Figure 7.3.2 DPD snapshots for FGN/PMMA nanocomposites under different 
shear rates Vs at the end of simulation 
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Figure 7.3.3 Snapshot after latex copolymerisation process simulation for 
PMMA@FGN/PMMA nanocomposites with 2.52wt% graphene 
 
   
Vs = 0 Vs = 0.01 Vs = 0.03 
  
 
Vs = 0.05 Vs = 0.07  
Figure 7.3.4 DPD snapshots for PMMA@FGN/PMMA nanocomposites under 
different shear rates Vs at the end of simulation 
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7.3.2 Quantitative structures of nanocomposites from DPD simulations 
Further quantitative analysis was performed to investigate the structure of the 
nanocomposites for the cases with three pieces of graphene (i.e., 2.52 wt%). 
 
Spatial orientation of graphene 
The alignment between graphene fillers can be described using spatial orientation 
correlation functions. To calculate such functions, a set of vector monitors     normal 
to the graphene surface were created, and θ is the angle between     among graphene 
fillers. The order parameter      is usually based on the average of the second order 
Legendre polynomial: 
 
                  
 
 
             (7.22) 
where the brackets indicate an average value, and the subscript means that only 
distances less than r are taken into account. A perfect alignment corresponds to an 
order parameter      of 1,      of −1/2 indicates the perpendicular orientation with 
each other, whereas a random orientation gives a value of 0. At large distances the 
function usually becomes zero, indicating a random orientation.  
 
Figure 7.3.5 shows the      of graphene fillers with different surface chemistries 
under different shear rates. From Figure 7.3.5(a) and (b), it is interesting to observe 
that for the cases of GN and FGN fillers, increase in shear rates may not necessarily 
promote spatial alignment towards the shearing direction among graphene fillers. On 
the contrary, it is observed from Figure 7.3.5(c) that increase in shear rates may 
facilitate to some extend filler alignment for the PMMA@FGN nanocomposites. 
 
136 
 
 
(a) 
 
(b) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20 25 30 35
S(
r)
r (Angstrom)
0 0.01
0.03 0.05
0.07
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 5 10 15 20 25 30 35
S(
r)
r (Angstrom)
0 0.01
0.03 0.05
0.07
137 
 
 
(c) 
Figure 7.3.5 Spatial orientation correlation function s(r) of graphene in 
nanocomposites with 2.52 wt% graphene nanofillers under the different shear 
rates with different graphene surface chemistries (a) GN (b) FGN and (c) 
PMMA@FGN 
 
Spatial structures of graphene and graphene-matrix interface 
To quantify the spatial structure and aggregation of the graphene fillers, radial 
distribution functions (RDFs) were calculated for nanocomposites with different 
surface chemistries and/or under shearing.  
 
Figure 7.3.6 shows the RDFs of graphene fillers for the cases of nanofillers with 
different surface chemistries and under different shear rates. Generally speaking, the 
g(r) curves of the FGN case become flat under shearing, which indicates the 
nanofillers are less aggregated. However, for the GN and PMMA@FGN cases, the g(r) 
peaks appear at a much shorter distance when the shear rate increases from 0.03 to 
0.07, which indicates that increasing shear rate may not necessarily improve 
dispersion of nanofillers. This is due to the flexible nature of graphene where the 
motion of nanofiller is the complex competition result of tumbling, folding and 
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alignment under shearing. It is observed from DPD that the GN tend to tumbling and 
rolling under shear flow rate 0.03, which also reduces the surface area of GN and 
promotes exfoliation. At stronger shear rate of 0.07, the GN fillers are prone to align 
and spread in the flow direction, however this also means larger surface area of the GN 
fillers and more chance for the GN fillers to contact with each other and cause 
re-aggregation. From Figure 7.3.6(a) and (c), it can be observed that the optimal shear 
rate for better dispersion is 0.03, with peaks locate at 61 Å and 47 Å, respectively. The 
above observations are consistent with the previous DPD snapshots as shown in Figure 
7.3.1 to Figure 7.3.4. 
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(b) 
 
(c) 
Figure 7.3.6 Radial distribution functions g(r) of graphene fillers in 
nanocomposites with 2.52 wt% graphene nanofillers functionalised by (a) GN (b) 
FGN and (c) PMMA@FGN under different shear rates 
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7.3.3 RVE finite element analysis on nanocomposite stiffness 
The RVE stress contours for nanocomposites with 2.52 wt% filler contents are shown 
in Figure 7.3.7 to Figure 7.3.9.  
 
The stiffnesses of nanocomposites have been calculated using the aforementioned 
RVE finite element analysis for all the cases with different filler contents, surface 
chemistries and shear rates, and are listed in Table 7.3.1 to Table 7.3.3. Table 7.3.1 lists 
the results of Young’s modulus and shear modulus for GN/PMMA nanocomposites. 
As the shearing is in the YZ plane, overall Eyy is slightly larger than Exx and Ezz, which 
confirms the observation in the DPD simulation that the graphene fillers have a certain 
degree of alignment under the shear flow. For nanocomposites with 2.52 wt% of GN, 
the Young’s modulus Eyy has the highest value of 3136.09 MPa when the shear rate is 
0.05. Meanwhile, for the composites with lower GN contents of 0.84% and 1.68%, the 
increase of shear rate does not lead to a higher modulus of Eyy. 
 
   
Vs = 0 Vs = 0.01 Vs = 0.03 
  
 
Vs = 0.05 Vs = 0.07  
Figure 7.3.7 RVE stress contours (MPa) for GN/PMMA nanocomposites under 
different shear rates 
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Vs = 0 Vs = 0.01 Vs = 0.03 
  
 
Vs = 0.05 Vs = 0.07  
Figure 7.3.8 RVE stress contours (MPa) for FGN/PMMA nanocomposites under different 
shear rates 
 
   
Vs = 0 Vs = 0.01 Vs = 0.03 
  
 
Vs = 0.05 Vs = 0.07  
Figure 7.3.9 RVE stress contours for PMMA@FGN/PMMA nanocomposites under 
different shear rates 
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Table 7.3.2 lists the results of Young’s modulus and shear modulus for FGN/PMMA 
nanocomposites from the RVE finite element analysis. A similar trend of GN/PMMA 
can be found, i.e., Eyy are higher than Exx or Ezz, and a higher shear rate may not 
necessarily result in a higher stiffness in the y direction. Furthermore, it can be seen 
that FGN/PMMA nanocomposites have higher tensile and shear moduli than those of 
untreated GN/PMMA. It can be attributed to FGN fillers which have a better 
dispersion, a larger surface area, and their ability for a better interfacial stress transfer 
than the GN fillers. Table 7.3.3 lists the results of Young’s modulus and shear modulus 
for PMMA@FGN/PMMA nanocomposites from the RVE finite element analysis. The 
simulated results of modulus match reasonably well with the experimental results 
(Jiang et al., 2013) which validates the effectiveness of the current simulation 
procedure. Moreover, it is found the highest Young’s modulus of Eyy appears at the 
shear rate of 0.03, with 2.52 wt% graphene content. By inspecting the stiffness results 
from Tables 8 to 10, the results show that for a same graphene content, tensile and 
shear moduli follow the order of PMMA@FGN > FGN > GN reinforced PMMA 
composites. In addition, increasing shear rate may not necessarily result in a better 
modulus. For a better nanofiller alignment and dispersion, the optimal shear rate is in 
the range between 0.03 and 0.05. Similar conclusions have been made from the 
experimental studies of nanoclay/polymer composites (Giraldi et al., 2009; Peltola et 
al., 2006; Tanoue et al., 2006). 
 
Table 7.3.1. Young’s modulus and shear modulus for GN reinforced PMMA 
nanocomposites with different graphene contents and shear rates applied in the YZ 
plane 
Filler type Filler wt% Young’s modulus (MPa) 
GN (base) Vs = 0 Vs = 0.01 Vs = 0.03 Vs = 0.05 Vs = 0.07 
Exx 0.84 2852.07 2861.83 2850.02 2837.50 2832.39 
 
1.68 2921.48 2880.01 2878.16 2894.21 2884.26 
 
2.52 3027.39 2966.92 2920.49 2941.81 2957.10 
Eyy 0.84 2856.98 2844.12 2861.13 2870.51 2853.91 
 
1.68 3019.02 2899.15 2949.17 2934.34 2917.34 
 
2.52 3024.20 3085.20 2969.91 3136.09 3079.51 
Ezz 0.84 2836.34 2851.53 2848.37 2887.87 2853.71 
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1.68 2914.53 2880.61 2960.53 2896.74 2953.49 
 
2.52 2956.32 2952.95 2928.47 3010.15 3020.68 
Gxy 0.84 1069.75 1069.36 1070.48 1067.48 1063.27 
 
1.68 1098.00 1083.16 1082.42 1091.22 1077.49 
 
2.52 1145.29 1122.34 1098.82 1103.49 1112.96 
Gxz 0.84 1064.80 1073.09 1074.91 1065.99 1064.61 
 
1.68 1084.63 1077.56 1079.89 1085.00 1084.83 
 
2.52 1112.90 1105.18 1092.96 1094.32 1113.22 
Gyz 0.84 1065.78 1069.12 1071.98 1080.88 1069.27 
 
1.68 1091.65 1080.96 1112.08 1091.13 1095.04 
 
2.52 1118.86 1111.48 1096.19 1131.60 1139.47 
 
Table 7.3.2. Young’s modulus and shear modulus for FGN reinforced PMMA 
nanocomposites with different graphene contents and shear rates applied in the YZ 
plane 
Filler type Filler wt% Young’s modulus (MPa) 
FGN (base) Vs = 0 Vs = 0.01 Vs = 0.03 Vs = 0.05 Vs = 0.07 
Exx 0.84 2912.01 2870.60 2861.42 2881.73 2859.09 
 
1.68 3002.42 2958.97 2981.51 2988.56 2978.73 
 
2.52 3124.37 3126.01 3163.31 3044.21 3034.45 
Eyy 0.84 2920.79 2903.02 2876.46 2888.11 2882.33 
 
1.68 3032.68 3131.03 3377.12 3159.03 3121.85 
 
2.52 3157.30 3181.95 3162.02 3417.33 3208.26 
Ezz 0.84 2928.12 2996.06 2948.81 2864.81 2879.25 
 
1.68 2979.96 3044.56 3085.65 3044.27 3068.00 
 
2.52 3161.24 3091.81 3085.12 3177.19 3152.96 
Gxy 0.84 1089.31 1081.96 1070.43 1079.54 1074.25 
 
1.68 1122.80 1127.80 1133.26 1120.06 1108.23 
 
2.52 1167.17 1171.26 1191.13 1159.49 1135.96 
Gxz 0.84 1090.72 1080.87 1075.11 1076.54 1076.78 
 
1.68 1118.12 1119.56 1111.06 1115.89 1114.80 
 
2.52 1180.31 1143.30 1158.82 1136.94 1139.03 
Gyz 0.84 1106.73 1099.76 1080.39 1075.41 1080.33 
 
1.68 1119.46 1155.63 1172.35 1153.58 1136.65 
 
2.52 1179.46 1145.46 1151.51 1200.38 1169.15 
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Table 7.3.3. Young’s modulus and shear modulus for PMMA@FGN reinforced 
PMMA nanocomposites with different graphene contents and shear rates applied in 
the YZ plane 
Filler type Filler wt% Young’s modulus (MPa) 
PMMA@FGN (base) Vs = 0 Vs = 0.01 Vs = 0.03 Vs = 0.05 Vs = 0.07 
Exx 0.84 2958.91 2933.62 2920.99 2937.79 2922.50 
 
1.68 3215.27 3132.70 3151.79 3148.81 3114.85 
 
2.52 3502.86 3351.97 3374.81 3283.70 3221.71 
Eyy 0.84 2937.41 3067.07 3082.15 3152.33 3113.53 
 
1.68 3172.21 3508.74 3939.74 3976.01 3811.41 
 
2.52 3507.46 3427.35 4177.78 3527.85 3614.96 
Ezz 0.84 3024.83 3092.71 2993.40 3077.96 2968.11 
 
1.68 3140.19 3194.22 3183.23 3219.46 3290.20 
 
2.52 3532.82 3406.07 3467.04 3401.84 3503.89 
Gxy 0.84 1136.36 1124.98 1099.39 1094.94 1101.73 
 
1.68 1189.99 1205.61 1164.65 1158.72 1148.03 
 
2.52 1284.61 1258.69 1258.96 1224.78 1207.61 
Gxz 0.84 1120.49 1109.41 1094.86 1089.48 1093.40 
 
1.68 1182.26 1166.79 1142.61 1148.12 1144.45 
 
2.52 1245.50 1234.54 1204.63 1214.95 1193.18 
Gyz 0.84 1113.32 1150.21 1124.94 1150.43 1115.89 
 
1.68 1163.63 1214.83 1196.08 1196.66 1239.11 
 
2.52 1242.70 1238.84 1325.99 1251.45 1289.44 
 
7.4 Summary 
A multiscale framework based on the DPD method and RVE based finite element 
method has been established and applied to graphene-reinforced PMMA 
nanocomposites. The graphene nanofiller with different nature of surface chemistry 
(i.e., GN, FGN, PMMA@FGN), and PMMA polymer chains have been modelled as 
coarse-grained beads according to the DPD theory. Different process routes were 
subsequently simulated under different shear rates in the melt mixing stage for such 
nanocomposite systems. For PMMA@FGN, an extra step of in-situ polymerisation of 
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MMA on the graphene surface prior to melt mixing was performed. DPD simulations 
show that graphene with either FGN or PMMA@FGN surface functionalisation can 
promote dispersion during the melt mix stage compared with non-functionalised 
graphene. Especially, the coating polymer chains of PMMA@FGN can intercalate into 
the spacing between graphene fillers and prevent reaggregation of graphene fillers, 
providing better interactions between graphene surfaces and surrounding polymer 
molecules.  
 
The microstructures of above-mentioned graphene/PMMA nanocomposites from 
DPD simulations have been mapped to create finite element model with different 
interfacial material phases. Specifically, a mapping procedure and an in-house 
software FELIX have been created to produce the finite element RVEs. Then, the 
Young’s modulus and shear modulus of the RVEs are evaluated using the finite 
element method from continuum mechanics points of view. The results indicate that 
for a same graphene content, tensile and shear moduli have an order of PMMA@FGN > 
FGN > GN reinforced PMMA composites, which is consistent with experimental 
results available in literature. In addition, increasing shear rate may not necessarily 
result in a better stiffness of the nanocomposite material due to various reasons such as 
crumple of graphene fillers or coating layer falling off under high shear flow. It can be 
concluded that the optimal DPD shear rate for a better mechanical stiffness 
reinforcement is between 0.03 and 0.05. 
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CHAPTER 8 CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 Conclusions 
In this thesis, the simulations on material properties and mechanical behaviours of 
graphene reinforced polymer nanocomposites were carried out. Two additive 
manufacturing techniques for graphene reinforced polymer nanocomposites, namely 
LbL assembly and extrusion based 3D printing techniques, were considered. Due to 
the fundamental differences between these two manufacturing techniques, the 
resulting material microstructures have distinct features and thus have different 
material properties. The molecular interactions between nanofiller and matrix, and the 
microstructure morphologies are some of the important material characteristics at 
nano and meso scales and such characteristics are closely related to the material 
manufacturing techniques. Most previous studies in the literatures mainly focused on a 
single spatial scale and may not be able to comprehensively consider the material 
characteristics, manufacturing techniques or operation conditions. This research work 
adopted a carefully developed hierarchical multiscale computational and simulation 
approach. Such approach can take various aforementioned parameters into 
consideration and thus are able to provide much detailed assessment on the 
performance of such nanocomposites and structures, which are crucial to the 
applications for the novel graphene based nanocomposites devices. Based on the 
multiscale approach, the following simulations were performed and conclusions were 
drawn. 
 
The buckling behaviour of a monolayer pristine graphene embedded in the matrix 
under uniaxial compressive strain was studied using proposed hybrid MD/continuum 
nanomechanics model and the full MD model. From the simulation it was found that 
the buckling strain was independent of the graphene aspect ratio, and the critical 
buckling strain was around -0.8%. The simulations also showed that the buckling half 
wavelength and buckling amplitude decreased when surrounding matrix stiffness 
increased. Both half wavelength and buckling amplitude can be clearly estimated via 
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MD simulation, which are extremely difficult to observe directly through the 
nanoscale experiments due to its atomic length scale. The full MD simulation also 
revealed that due to the roughness of PMMA surface, the clear buckling strip 
perpendicular to the loading direction of the graphene which previous observed from 
smooth substrate simulation could not be clearly observed, especially when the aspect 
ratio of graphene decreased. Instead, the graphene exhibited wave like surface in both 
directions under uniaxial compressive strain. The simulation revealed atomic 
interactions and in-depth details between graphene and substrate under compression 
which may facilitate applications in the graphene based NEMS and strain sensors. 
 
MD simulations were performed to study the temperature dependent mechanical 
properties of graphene/PMMA nanocomposites. The optimal nanocomposite 
microstructures with different graphene contents were proposed and MD models 
were built. In the MD models, graphene sheets were planarly aligned and fully 
exfoliated in the PMMA matrix with nanoscale surface roughness, which resembled 
the material microstructures of the films assembled using aforementioned LbL 
technique. A unique computational procedure was developed to derive the Young’s 
moduli and shear moduli of nanocomposites with different graphene weight fractions 
under different temperatures, which are currently missing in literatures. It was found 
that increasing graphene contents might not necessarily result in proportional increase 
in moduli. In addition, the Young’s moduli and shear moduli for the composites with 
higher graphene volume fractions were more sensitive when subject to temperature 
variations. New simulations of single atom thin graphene were performed to determine 
its mechanical properties and its corresponding effective thickness. Based on the MD 
simulation, it was found that the simple rule of mixture could not be used for graphene 
reinforced nanocomposites even though it was successfully applied to predict material 
constants of microfibre reinforced composites. This is mainly due to the molecular 
interactions between polymer molecules and the 2D profile of graphene sheet. The 
simulation evaluated the reinforcing efficiency of graphene under thermal 
environment and mechanical stress which has important implications in the 
applications of graphene based thin film devices or stretchable electronics. It also 
paved the way for the subsequent structural mechanics studies of FG-GRCs beams.   
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The temperature-dependent material properties of GRCs were then evaluated by 
using a micromechanical model. The scales bridging statistical mechanics and 
continuum mechanics were achieved by the hierarchical scale bridging method, in 
which the graphene efficiency parameters were evaluated from the MD simulations 
and incorporated into the extended Halpin-Tsai model. Subsequently, at the 
macroscale level, the nonlinear vibration, nonlinear bending as well as the buckling 
and postbuckling behaviours of FG-GRC laminated beams were carried out. 
Parametric studies revealed that the nonlinear vibration and bending, as well as the 
buckling and postbuckling behaviours were significantly influenced by the FG 
patterns and optimisation could be achieved by a carefully designed FG pattern. The 
numerical results also showed that the in-plane boundary conditions, foundation 
stiffness and temperature rise have significant influence on the mechanical 
behaviours of FG-GRC beams. The above study enhances the understanding on the 
mechanical behaviours of the proposed FG-GRC beams, which may promote their 
future applications in the MEMS or resonators. 
 
A multiscale framework based on the mesoscale DPD method and RVE-based finite 
element method were established and applied to simulate the morphological and 
mechanical properties of graphene-reinforced PMMA nanocomposites. The simulated 
nanocomposite system has low graphene contents and small graphene filler size and 
is under shear flow, which resembles the characteristics of 3D printed 
nanocomposites. The graphene nanofiller with different nature of surface chemistry 
(i.e., GN, FGN, PMMA@FGN), and PMMA polymer chains were modelled as 
coarse-grained beads. DPD simulations showed that graphene with either FGN or 
PMMA@FGN surface functionalisation could promote dispersion during the melt mix 
stage compared with non-functionalised graphene. Especially, the coating polymer 
chains of PMMA@FGN could intercalate into the spacing between graphene fillers 
and prevented reaggregation of graphene fillers, providing better interactions between 
graphene surfaces and surrounding polymer molecules. A self-developed software 
FELIX was then utilised to produce the finite element RVEs and evaluate the elastic 
modulus of the RVEs. The results indicated that for a same graphene content, tensile 
and shear moduli had an order of PMMA@FGN > FGN > GN reinforced PMMA 
composites. In addition, increasing shear rate might not necessarily result in a better 
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stiffness of the nanocomposite material due to various reasons such as crumple of 
graphene fillers or coating layer falling off under high shear flow. From the simulation, 
the optimal DPD shear rate for a better mechanical stiffness reinforcement was 
estimated to be between 0.03 and 0.05. The quantitative study in this chapter may 
enhance the understanding of the processing-structure-property of the shear flow 
extruded graphene nanocomposites, thus improves the processing parameters 
accordingly. 
8.2 Recommendations on future work  
Based on the studies conducted in this thesis, some of the limitations have also been 
identified and thus several recommendations for future research are summarised 
below: 
 
 The current MD simulation for the graphene based nanocomposites assembled via 
LbL was devised based on the assumptions that polymer molecules are able to 
intercalate between monolayer graphene layers, and the graphene monolayers are 
fully exfoliated. Also the graphene were modelled as the perfect and pristine ones. 
These assumptions may be ideal and may only be partially realised in the LbL 
assembly. The future MD models may explore different graphene models such as 
few layered graphene, graphene with defects and different surface chemistries or 
polycrystalline graphene embedded in the polymer matrix. Due to the limitation of 
current computational power, the rate of pressure ramping is still considerably 
high. As a result, the corresponding strain rate is high. In future studies, when 
better computational resources become available, lower pressure ramping rates 
together with longer relaxation times can also be attempted. The result can be 
compared with the results obtained from this study. 
 
 With the material morphology being simulated using the mesoscale DPD 
technique, the thermal conductivities or the thermal expansion coefficient of the 
nanocomposites can also be evaluated using the proposed multiscale analysis 
approach. On the other hand, due to the limitation of current computing power, the 
developed DPD simulation domains are still small considering the material 
150 
 
microstructures and morphologies that are normally encountered in a material 
testing. It is expected in the near future, much more sophisticated models can be 
developed to include large graphene size and detailed morphologies of 
nanocomposites material as the computation power increases rapidly. 
 
 As for the numerical analysis of structural behaviour of nanocomposites, the 
current study mainly focuses on the computation and simulation studies. However 
the experimental studies of large scale samples as structural members should also 
be implemented, such as bending or buckling of the nanocomposites beams or 
plates. In the future, it would also be interesting to see how the experimental 
results compared with the simulation results, and thus further validate the current 
modelling and simulation and multiscale analysis procedures. 
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APPENDIX A  DIMENSIONLESS GOVERNING 
EQUATIONS 
A.1 Nonlinear bending of FG-GRC beams 
The nonlinear governing Eqs. (6.22) and (6.23) can be written in dimensionless form 
as 
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where 
 TC T  11  , TC T  32  , TC TT  )( 633  ,                              (A.3)
Eqs. (A.1) and (A.2) are the governing equations with immovable end conditions. It 
is worth noting that Eq. (A.1) is inadequate for the nonlinear analysis of cantilever 
beams. This is due to the fact that Eq. (A.1) is a weakly nonlinear equation that does 
not contain large rotation effect. 
A.2 Thermal postbuckling of FG-GRC beams 
For thermal postbuckling problem, The postbucklimg load-deflection curves of the 
beam are needed. In the present case     . Unlike bending problem in which ΔT is 
prescribed, for thermal buckling problem ΔT is now an unknown. Let      , the 
governing equations can be rewritten in the simple form as 
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in Eq. (A.4), W
*
 and   
  are the initial deflection and mid-plane rotation caused by 
thermal bending stresses. 
A.3 Nonlinear vibration of FG-GRC beams 
The Eqs.(6.26) and (6.27) may then be rewritten in the following dimensionless form 
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where C1, C2, C3 are the same with Eq. (A.3). 
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